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CLOTHING  PENETRATION  MECHANISM 


SECTION  1 .  INTRODUCTION 

The  interaction  between  a  liquid  drop  and  a  fabric  is  a 
complex  process.  The  drop  can  fail  to  wet  the  fabric  and  remains 
pearled  on  the  surface.  If  the  drop  enters  the  fabric,  several 
different  behaviors  can  be  observed.  In  some  cases,  the  liquid 
will  wick  out  rapidly  in  intra-  and  interyarn  spaces  of  the 
fabric.  The  wicking  rate  in  the  warp  yarns  can  again  differ  to 
those  of  the  filler  yarn.  In  other  cases,  the  main  process  will 
be  a  penetration  of  the  liquid  perpendicularly  through  the  fabric 
in  the  interyarn  spaces.  The  fabric  construction  will  thus  have 
a  great  influence  in  the  wetting  behavior  of  the  liquid. 

L.  C.  Buckles,  F.  W.  Minor,  A.  M.  Schwartz  and  E.  A.  Wulkow 
extensively  studied  the  interaction  of  liquid  drops  with  fibers, 
yarns  and  fabrics  in  the  late  50 's  and  early  60's1-5.  They 
showed  that  the  wicking  of  a  liquid  in  a  yarn  (intrayarn  migra¬ 
tion)  followed  Washburn  equation  for  flow  in  a  cylindrical  capil¬ 
lary  before  the  drop  had  sunk  completely  into  the  yarn.  The 
amount  of  migration  thereafter  consisted  of  movement  of  liquid 
from  large  capillary  spaces  to  small  ones.  The  penetration  of 
liquid  through  a  fabric  into  a  substrate  was  shown  to  be  extreme¬ 
ly  dependent  on  the  chosen  experimental  conditions.  The 
dominating  liquid  transport  mechanism  for  a  given  fabric-liquid 
pair  depended  on  the  drop  size,  the  impact  force  of  the  drop  onto 
the  fabric,  applied  pressure  on  the  wetted  fabric  and  the  point 
of  time  this  pressure  was  applied  as  vrell  as  the  absorptive 
properties  of  the  substrate  on  which  the  fabric  was  resting. 

B.  Miller  and  H.  K.  Perkins  studied  fabric  penetration  by 
liquids  under  breakthrough  conditions  both  in  the  case  of  limited 
and  unlimited  liquid  supply^.  They  developed  an  apparatus,  Model 
LV- III,  which  allowed  a  controlled  contact  pressure  to  be 
applied  across  the  barrier  fabric  and  the  receiver  fabrics.  They 
found  that  the  degree  of  penetration  could  be  explained  in  terms 
of  differences  in  pore  sizes  within  the  barrier  and  receiver 
fabrics,  the  wettability  of  the  fiber  and  the  liquid  viscostiy. 
The  dominant  factor  determining  the  degree  of  penetration 
appeared  thus  to  be  capillary  effects.  A  decrease  in  the  amount 
of  penetrated  liquid  with  time  (reversal  effect)  was  observed  for 
some  systems.  F.  W.  Minor,  et  al4  showed,  in  addition,  that  the 
weight  of  liquid  per  unit  area  of  fabric  at  the  instant  the  drop 
entered  the  fabric  strongly  influenced  the  penetration. 

While  considerable  research  has  been  performed  on  fabric 
penetration,  there  have  been  no  studies  devoted  to  develop  the 
scientific  principles  for  relating  the  physico-chemical  proper¬ 
ties  of  the  liquid  and  barrier  material  to  droplet  penetration. 
This  study  reports  the  results  of  penetration  studies  performed 
with  a  large  number  of  pure  liquids  selected  to  have  a  range  of 
combination  of  surface  tension,  acid  and  base  properties  as 
described  by  Kamlet  and  Taft  solvatochromic  parameters7f  an<3 
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polarities  as  described  by  the  partial  solubility  parameters8. 
The  barrier  fabrics  were  also  chosen  to  have  large  differences  in 
hydrophil icity  and  thus  in  liquid  wettability.  The  other 
parameters  known  to  affect  the  penetration  such  as  type  of 
receiver  materials,  contact  pressure  across  the  barrier  fabric 
and  receiver  material,  applied  droplet  size  and  penetration  time 
were  kept  constant  to  isolate  the  fluid  barrier  interaction.  The 
penetration  studies  were  performed  using  a  Model  LV-III  apparatus 
as  developed  by  B.  Miller  and  H.  K.  Perkins  under  Contract  No. 
DAAK1 1 -82-C-0 1 43*>.  The  results  of  the  penetration  data  were 
analyzed  by  using  Washburn's  equation  for  capillary  transport  and 
the  laws  of  fluid  mechanics.  Linear  regression  analysis  were 
used  to  determine  any  correlations  between  the  wettability  data 
and  the  partial  solubility  parameters  and  Kamlet  and  Taft's 
solvatochromic  parameters  respectively. 

The  principal  investigator  was  Celanese  Research  Company, 
Summit,  New  Jersey.  The  penetration  studies  were  originally 
performed  by  the  Specialty  Fibers/Products  Development  of 
Celanese  Fibers  Operations,  Charlotte.  North  Carolina.  A  restudy 
of  the  penetration  was  later  performed  at  Celanese  Research 
Company. 

The  materials,  equipment,  and  procedures  used  in  the  studies 
are  described  in  Sections  2  and  3.  Experimental  results  of  the 
wettability  and  penetration  studies  are  given  in  Section  5  and 
these  results  are  analyzed  and  discussed  in  Section  6.  Finally, 
our  conclusions  for  the  penetration  mechanism  are  given  in 
Section  7. 

SECTION  2.  MATERIALS 

The  water  used  in  the  studies  was  doubly  distilled.  The 
methanol  was  glass  distilled  (EM  Science)  and  the  ethanol  was  a 
200  proof  quality  from  Publicker  Industries.  All  other  liquids 
were  purchased  from  Aldrich  Chemical  Company  and  were  their  Gold 
Label  or  best  available  quality.  The  purity  of  the  liquids  was 
confirmed  by  surface  tension  measurements  with  a  Prolabo  surface 
tensiometer  which  uses  the  Wilhelmy  plate  method  with  a  platinum 
blade.  The  measured  surface  tension  values  agreed  with 
literature  values^.  These  data  as  well  as  the  viscosity^*, 
density^,  Kamlet  and  Taft's  solvatochromic  parameters7  and  the 
partial  solubility  parameters^  are  given  in  Table  A-1  Appendix  A. 

The  four  barrier  fabrics  viz.  polybenzimidazole  (PBI), 
rayon,  polyethylene  terephthalate  (PET)  and  polypropylene  (PP) 
were  chosen  to  encompass  a  wide  range  of  physico-chemical 
properties.  Their  structures  and  some  estimated  physico-chemical 
properties  are  given  in  Figure  1.  The  rayon,  PET,  and  PP  all 
contained  titanium  oxide  as  a  delusterant.  The  PBI  was  the  heat 
stable  sulfuric  acid  treated  PBI  fibers.  All  barrier  fabrics 
were  made  from  staple  yarn  and  constructed  in  plain  weave.  The 
PBI,  rayon  and  PET  fabrics  were  made  at  Celanese.  The 
polypropylene  fabric  was  a  gift  from  Hercules,  Inc.  The  receiver 
fabric  was  a  50/50  cotton/PET  blend  knit.  The  total  lenier  and 
area  weight  of  the  barrier  fabrics  are  given  in  Table  1. 
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FIGURE  1.  FIBER  MATERIAL  PROPERTIES 


TABLE  1 .  BARRIER  FABRICS 


Fiber 

Yarn 

Total  Denier 

Area  Weight 
g/m2 

Polybenzimidazole  (PBI) 

347 

247 

Rayon 

384 

267 

Polyethylene  terephthalate  (PET) 

217 

174 

Polypropylene  (PP) 

805 

262 

The  same  fiber  materials  as  used  in  the  barrier  fabrics  were 
also  obtained  as  filament  yarns  for  the  wettability  studies. 
Table  2  gives  a  description  of  the  filament  yarns. 

All  fabrics  and  filaments  were  extracted  twice 
ultrasonically  with  methanol  to  remove  finishes  and  dirt  and  then 
dried  in  a  40°C  oven.  The  cleaned  fabrics  and  filaments  were 
stored  at  constant  temperature  and  humidity  and  allowed  to  reach 
their  constant  water  regain  before  use  (13%  for  PBI,  15%  for 
rayon) . 
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TABLE  2. 

FILAMENT  YARNS 

Polymer 

Denier  No. 

of  Fils 

Dpf 

Polybenzimidazole  (PBI) 

280 

200 

1.40 

Rayon 

300 

80 

3.75 

Polyethylene  terephthalate 

(PET)  300 

66 

4.55 

Polypropylene  (PP) 

480 

480 

1.00 

SECTION  3.  EQUIPMENT  AND  PROCEDURES 
3. 1  Penetration  Experiments 

The  penetration  experiments  were  performed  with  a  limited 
volume  of  liquid  using  a  copy  of  the  Model  LV-III  apparatus 
developed  by  B.  Miller  and  H.  K.  Perkins^,  (Figure  2).  Their 
general  experimental  procedures  were  also  followed.  A  single 
layer  of  barrier  fabric  (15  cm  X  15  cm)  on  top  of  multiple 
receiver  layers  (5  cm  circles)  were  used  in  all  experiments.  The 
barrier  fabric  was  held  in  a  embroidery  hoop  (10  cm  diameter)  to 
prevent  slippage  when  pressure  was  applied.  Enough  layers  of 
receiver  material  was  placed  within  the  retainer  ring  (Figure  2) 
so  that  their  total  uncompressed  thickness  was  equal  to  that  of 
the  retainer  ring.  Both  the  barrier  fabric  and  receiver  fabrics 
were  changed  after  each  experiment.  The  procedure  of  each 
experiment  was  to  record  the  weight  of  the  receiver  layers,  to 
position  these  and  the  barrier  fabric  on  the  LV-Model  III 
apparatus,  to  load  down  the  pressure  ring  with  a  1  lb  weight  to 
keep  barrier  layer  in  place  and  then  to  apply  a  constant 
barrier-receiver  contact  pressure  by  the  application  of  a  50  cm 
hydrostatic  head  to  the  bottom  of  the  flexible  rubber  membrane 
(Figure  2),  (for  an  analysis  of  the  pressure  across  the  fabrics 
and  pressure  drops  across  membranes,  see  reference  6).  A 
constant  size  liquid  drop  was  to  be  transferred  to  the  barrier 
fabric  without  any  impact  by  letting  the  drop  come  into  light 
contact  with  the  fabric. 

The  hydrostatic  pressure  was  removed  and  the  barrier  and 
receiver  fabrics  separated  20  seconds  after  the  drop  had 
contacted  the  barrier  fabric.  The  receiver  layers  were 
immediately  weighed.  The  procedure  was  repeated  five  times  or 
until  satisfactory  reproducibility  was  achieved  for  each  solvent. 

The  penetration  studies  were  performed  by  Celanese  Fibers 
Operations  following  this  procedure.  The  penetration  apparatus 
was  placed  in  a  fume  hood  of  a  constant  temperature-humidity  room 
to  reduce  the  risk  of  possible  exposure  to  solvent  vapors.  The 
same  equipment  and  procedure  was  to  be  used  in  a  subsequent 
contract  DAAK1 5-85-C-0008,  Clothing  Penetration  Mechanism, 
Partially  Volatile  Mixtures  by  Celanese  Research  Company.  It  was 
discovered  during  the  initial  penetration  studies  under  this 
contract  that  the  penetration  test  method  was  extremely  sensitive 
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FIGURE  2.  APPARATUS  USED  FOR  MEASURING  FLUID  PENETRATION 

(DEVELOPED  AT  TRI  UNDER  CONTRACT  NO.  DAAK1 1 -32-C-0  1  43 ) 


to  several  previously  not  reported  experimental  parameters. 
Significant  changes  in  the  water  regain  of  the  fabrics,  even  the 
hydrophobic  ones,  result  from  small  changes  in  the  relative 
humidity.  The  water  regain  of  the  barrier  fabric  can  change 
under  the  tension  exhibited  by  the  embroidery  hoop.  (This  was 
the  case  with  the  rayon  barrier  fabric.)  Significant  evaporative 
losses  can  occur  during  both  the  penetration  experiments  and  the 
weighing  operations  even  for  liquids  with  boiling  points  above 
100*C.  The  amount  of  the  liquid  drop  actually  transferred  to  a 
barrier  fabric  depends  on  the  type  of  barrier  fabric,  on  the  size 
of  the  applied  barrier-receiver  contact  pressure  and  on  the 
surface  tension  and  viscosity  of  the  liquid.  The  following 
revised  penetration  procedure  was  therefore  used  in  a  restudy. 

The  experiments  were  performed  in  a  constant  temperature- 
humidity  room  and  at  an  area  with  as  slow  air  movement  as 
possible.  The  local  humidity  was  continuously  monitored. 

The  average  amount  of  liquid  delivered  to  the  barrier  fabric 
and  receiver  material  was  determined  by  weighing  the  mounted 
barrier  fabric  and  receiver  materials  before  and  immediately 
after  the  liquid  was  transferred  to  the  fabrics  by  a  light 
contact  of  the  liquid  drop  to  the  barrier  fabric  mounted  on  the 
penetration  apparatus  in  the  presence  of  the  contact  pressure. 
The  time  from  the  liquid  contact  to  the  first  weight  reading  was 
monitored  and  the  weight  as  function  of  time  was  studied  in  order 
to  estimate  rate  of  evaporation.  This  procedure  was  repeated 
five  times. 

The  average  amount  of  liquid  penetrated  into  the  receiver 
material  during  20  seconds  of  contact  pressure  was  determined  as 
previously  described. 
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A  slightly  modified  procedure  was  used  in  the  case  of  the 
rayon  barrier  fabric  since  this  fabric  showed  a  significant 
decrease  in  its  water  regain  when  under  tension.  The  rayon 
barrier  fabrics  were  therefore  mounted  on  the  embroidery  hoops 
and  allowed  to  equilibrate  to  constant  weight  before  use.  The 
added  tension  on  the  fabric  caused  by  the  application  of  a  50  cm 
hydrostatic  head  was  also  determined  and  found  to  be  negligible. 

3.2  Liquid  Dispenser 

A  constant  and  large  drop  size  (a  drop  diameter  of  4  mm)  or 
volume  of  34  yL  was  desirable.  The  drop  was  also  to  be 
transferred  to  the  barrier  fabric  in  absence  of  any  impact 
velocity.  This  demanded  that  the  drop  was  preformed  at  the  tip 
of  the  dispenser  and  transferred  to  the  fabric  by  a  light 
contact.  The  volume  of  a  liquid  which  detaches  itself  from  the 
tip  of  a  vertical  tube  under  the  gravitational  pull  is  very 
dependent  on  the  surface  tension  of  the  liquid.  Theoretically, 
the  volume  is  determined  bylO. 


2  it  r  .  Y  lv 

V 

* 

(D 

g  •  p 

where 

V 

a 

volume  of  the  drop 

r 

3 

outer  radius  of  the  vertical  tube 

yLV 

3 

surface  tension  of  liquid 

g 

3 

gravitational  acceleration 

p 

3 

density  of  liquid 

In  reality,  the  volume  obtained  is  less  than  the  ideal  vol¬ 
ume  due  to  some  of  the  liquid  remaining  on  the  tip.  Calculations 
show  that  an  outer  tube  diameter  of  at  least  5  mm  would  be  needed 
to  give  a  4  mm  drop  of  a  liquid  with  a  surface  tension  of  20 
dyn/cm.  Experiments  showed  that  thin  walled  tubes  of  the  needed 
size  would  not  yield  a  controlled  formation  of  liquid  drops  due 
to  the  capillary  forces  being  too  low.  A  method  was  developed 
which  allowed  the  controlled  formation  of  large  drops.  The 
method  used  a  50  yL  Hamilton  glass  syringe  as  liquid  reservoir 
and  a  Hamilton  syringe  needle,  gauge  29  with  90*  blunt  cut  tip 
fitted  with  a  concentric  Kontes  glass  capillary  as  a  vertical 
tube  (Figure  3).  The  glass  capillary  was  glued  onto  the  needle 
by  a  small  amount  of  epoxy  glue  at  the  top  end  of  the  capillary. 
The  formed  vertical  tubes  thus  had  a  bore  with  a  diameter  of  0.18 
mm  and  an  outer  diameter  of  5-6  mm.  Approximately  50  yL  drops 
could  be  formed  at  the  end  of  this  thick  walled  tube  of  all 
liquids  used  in  the  study.  However,  drops  formed  from  liquids 
with  a  low  viscosity  and  low  surface  tension  showed  strong 
tendency  to  necking.  These  drops  could  easily  be  dislodged 
prematurely  by  small  vibrations.  Only  part  of  the  drops  were 
actually  transferred  when  brought  in  light  contact  with  the 
barrier  fabric.  The  amount  transferred  depended  on  the  liquid 
properties  as  well  as  on  the  properties  of  the  barrier  fabric  and 
the  size  of  the  contact  pressure. 
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HAMILTON  GLASS  SYRINGE,  50  liL 


HAMILTON  SYRINGE  NEEDLE  GAUGE  29 
WITH  90*  BLUNT  CUT  TIP; 

O.D.  0.33  mm;  I.D.  0.18  ram 


KONTES  GLASS  CAPILLARY 
O.D.  5-6  mm;  I.D.  O.AO  mm 


FIGURE  3.  EQUIPMENT  FOR  THE  DELIVERY  OF  A  CONSTANT  DROP  SIZE 


3.3  Fiber  Wettability 


The  advancing  and  receding  contact  angles  were  determined  by 
measuring  the  Wilhelmy  pulling  force  on  a  single  fiber  inserted 
in  a  liquid  by  a  modified  autobalance  (Figure  4)11.  The  ad¬ 
vancing  contact  angle  was  calculated  from  the  average  wetting 
force  measured  when  the  liquid  advanced  slowly  along  the  dry  fi¬ 
ber;  the  receding  contact  angle  from  the  average  wetting  force 
when  the  liquid  was  retracted  from  the  prewetted  fiber.  Contri¬ 
butions  from  the  buoyance  forces  could  be  neglected  for  all  fi¬ 
bers.  The  wetting  behavior  of  five  to  six  fibers  were  determined 
for  each  liquid-fiber  pair. 
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MODIFIED  AUTOBALANCE 


AREA 

F-F*rFB"fLvc°s»  ;-LMi 

PERIMETER  DENSITY 


FIGURE  4.  SCHEMATIC  PICTURE  OF  APPARATUS  FOR  MEASURING  THE 
WETTABILITY  OF  FIBERS  OR  RIBBONS  ACCORDING  TO  THE 
WILHELMY  METHOD 
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SECTION  4.  RESULTS 

4. 1  Fiber  Wetting  Studies 


The  average  wetting  force  calculated  from  the  averages  for 
each  fiber  are  given  in  the  second  column  of  Tables  A-2  -  A-9, 
Appendix  A.  The  wetting  force  F,  depends  on  the  perimeter  of  the 
fiber,  P,  the  liquid  surface  tension,  yLV,  and  the  contact 
angle,  0  ,  according  to  the  Wilhelmy  equation: 

F  =  p  .  yLV  •  cos  0  (2 ) 

The  perimeter  can  either  be  determined  microscopically  or 
from  wetting  studies  with  liquids  which  are  known  to  give  a  zero 
contact  angle  with  the  fiber  material.  Our  first  approach  was  to 
use  the  standard  microscopic  techniques  for  determining  the  diam¬ 
eter  of  the  two  fiber  materials  with  circular  cross-sections 
(polypropylene  and  PET)  and  to  use  image  analysis  of  cross-sec¬ 
tions  for  the  two  fibers  with  irregular  cross-sections  (rayon  and 
PBI ) .  Both  microscopic  methods  are  afflicted  by  a  slight  inaccu¬ 
racy  in  exact  definition  of  the  borderline  of  the  fibers.  How¬ 
ever,  the  advantage  of  using  an  independently  determined  perim¬ 
eter  is  that  no  preassumptions  of  the  contact  angles  are  needed. 

Zisman  and  his  coworkers  have  extensively  studied  the  con¬ 
tact  angles  of  pure  liquids  in  a  variety  of  solids.  They  found 
that  approximately  straight  lines  were  obtained  when  the  cosine 
of  the  contact  angle  was  plotted  against  the  surface  tension! 2. 
The  critical  surface  tension  for  wetting  was  defined  by  the 
intercept  between  the  straight  line  plot  of  cos  0  vs.  y  LV  and 
the  horizontal  line  of  cose  =  1.  Liquids  with  a  surface  tensic 
less  than  the  critical  surface  tension  of  wetting  should  all  giv 
a  contact  angle  of  zero  i.e.,  a  cos  0  of  1 .  However,  the  Zisman 

plot  for  the  rayon  fibers  showed  all  liquids  but  water  and 

formamide  to  be  scattered  around  a  cos  0  of  0.8  when  an  average 
perimeter  of  115  Pin  as  determined  by  image  analysis  was  used  to 
calculate  the  contact  angles  from  the  wettability  data  (Figure 
5).  No  contact  angle  hysteresis  was  observed  which  suggested 
that  the  contact  angles  should  be  close  to  zero.  Both  facts 
implied  that  the  perimeter  determined  by  image  analysis  was  too 
large.  A  contribution  to  this  could  be  the  fact  that  the  fibers 

had  to  be  dyed  with  a  water  soluble  dye  to  yield  needed  contrast 

for  the  image  analysis  and  this  could  have  caused  a  slight 
swelling  of  the  fibers.  Both  water  and  formamide  showed  a 
continuously  increasing  wetting  force  for  20  minutes  after 
contact.  This  increase  could  originate  from  a  capillary  rise  of 
liquid  in  the  interstices  on  the  fiber  surface  or  more  probably 
from  a  swelling  of  the  fibers.  The  measured  force  thus  contained 
contributions  from  both  the  weight  of  liquid  and  the  wetting 
force.  Figure  6  gives  the  Zisman  plot  for  the  data  using  a 
perimeter  of  90  pm  estimated  to  give  an  average  contact  angle  of 
zero.  The  scatter  around  cos  o  equal  to  1  reflects  the 
variability  in  fiber  diameters.  The  impossible  cos  o  values  of 
formamide  and  water  are  due  to  fiber  swelling. 
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tlv  dynis/cm 


FIGURE  5 


FIGURE  6. 


.  RAYON  -  DETERMINATION  OF  ZISMAN'S  CRITICAL  SURFACE 
TENSION,  Yc,  FOR  RAYON  FIBERS.  THE  AVERAGE  PERIMETER 
WAS  DETERMINED  TO  BE  115  pm  FROM  FIBER  CROSS-SECTIONS 
BY  IMAGE  ANALYSIS 


RAYON  -  DETERMINATION  OF  ZISMAN'S  CRITICAL  SURFACE 
TENSION,  FOR  RAYON  FIBERS.  THE  AVERAGE  PERIMETER 

WAS  ESTIMATED  TO  BE  90  pm  FROM  THE  WETTABILITY  DATA 


The  contrast  between  the  cross-section  of  the  PBI  fibers  and 
the  used  embedding  medium  was  not  optimal  for  image  analysis. 
Two  different  instruments  gave  average  perimeters  of  50  and  42  ym 
respectively.  A  perimeter  value  of  46  ym  was  determined  from  the 
wettability  data  (Figure  7)  and  was  used  in  the  calculations 
(Tables  A-4,  A-5,  Appendix  A).  The  critical  surface  tension  of 
the  PBI  fibers  is  40  dynes/cm. 

The  diameter  of  the  PET  fibers  was  determined  to  be  22.5  ym 
using  an  optical  microscope  equipped  witn  a  filar  unit  and  video 
monitor  and  with  the  fibers  immersed  in  a  matching  refractive 
index  oil.  This  value  is  in  good  agreement  with  the  diameter 
value  of  23  urn  as  determined  from  the  wettability  data  (Figure 
8).  The  Zisman  plot  gave  a  critical  surface  tension  of  40 
dynes/cm  for  the  PET  fibers.  The  wettability  data  and  the 
calculated  parameters  are  given  in  Tables  A-6  and  A-7,  Appendix 
A. 


The  diameter  of  the  polypropylene  fibers  was  determined  to 
be  13  urn  both  by  microscopy  and  from  the  wettability  data.  The 
critical  surface  tension  was  determined  to  be  26  dynes/cm  from 
the  Zisman  plot  (Figure  9).  The  calculated  data  are  given  in 
Tables  A-7  and  A-8,  ’opendix  A. 


FIGURE  7.  Pin  -  DETERMINATION  OF  ZISMAN' S  CRITICAL  SURFACE 
TENSION,  Yc»  FOR  PBI  FIBERS.  THE  AVERAGE  PERIMETER 
WAS  ESTIMATED  TO  BE  46  ym  FROM  THE  WETTABILITY  DATA 
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Another  method  commonly  used  for  estimating  the  surface 
energy  of  polymers  is  generally  referred  to  as  the  Kaelble's 
method^  although  originally  introduced  by  Owens  and  Wendt1^.  it 
is  based  on  Fowkes'  suggestion  that  the  attractive  forces  at  an 
interface  as  measured  by  the  work  of  adhesion  can  be  written  as 
the  sum  of  the  contributions  from  the  different  types  of 
intermolecular  interactions  such  as  London  dispersion  forces, 
hydrogen  bonds,  dipole-dipole  interaction,  etc.  The  surface 
tension  is  also  assumed  to  be  the  sum  of  its  components.  Owens 
and  Wendt  grouped  all  types  of  polar  interaction  into  one  compo¬ 
nent  and  assumed  that  the  polar  interactions  as  well  as  the  dis¬ 
persion  interactions  could  be  described  by  a  geometric  mean 
expression.  The  surface  energy  of  the  polymer  is  estimated  by 
using  the  wettability  data  determined  for  liquids  with  known 
partial  surface  tensions  (for  details  see  Appendix  B) .  The 
estimated  surface  energy,  ys,  calculated  from  the  partial  surface 
energies  as  well  as  Zisman's  critical  surface  energy  for  wetting 
are  given  in  Table  3. 


TABLE  3.  ESTIMATED  SURFACE  ENERGIES  OF  THE  POLYMERIC  MATERIALS 
OF  THE  BARRIER  FABRICS 


Polymer 

YC 

D 

YS 

P 

^  S 

Y  S 

Rayon 

>72 

PBI 

40 

23 

22 

45 

PET 

40 

27 

1  1 

38 

Polypropylene 

26 

27 

0.4 

27 

Fowkes15  has  pointed  out  the  incorrectness  of  predicting 
hydrogen  bonding  with  a  geometric  mean  expression.  Further  polar 
interactions  derived  from  Lewis  donor-acceptor  interactions  will 
be  very  dependent  on  the  system  under  consideration.  Very  small 
polar  interactions  will  result  if  the  liquid  and  the  solid  are 
both  acidic  or  both  basic  while  a  large  polar  interaction  will 
exist  when  one  is  a  donor  and  the  other  an  acceptor.  Fowkes, 
therefore,  suggested  that  Drago's  correlation  of  treating  the 
interactions  based  on  only  dispersion  forces  and  acid-base 
interactions  is  correct.  He  proposed  for  the  work  of  adhesion: 

WADH  =  2\/ya  -YB  +  f  (CACB  +  EAEB)  • 


x  moles  of  acid-base  pairs  + 

unit  area  A 


(3) 
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where : 


f  =  a  constant 

CA,  EA  *  Drago's  parameters  for  the  acid 
Cg/  Eb  =  Drago’s  parameters  for  the  base  strength 
wj?  =  Dipole-dipole  interaction  forces 

Experiments  showed  that  Wj  is  negligibly  small.  The 

determination  of  acid-base  interactions  is  regarded  as  very 
important  in  modern  adhesion  studies. 

Drago's  E  and  C  parameters  have  been  determined  only  for  a 
limited  number  of  liquids.  Kamlet  and  Taft  have  shown  that  many 
solvent-solute  interactions  can  be  accurately  described  by  linear 
energy  relationships  of  the  generalized  form'®. 

SP  =  SPq  +  cavity  term  +  dipolar  term  (4) 

+  hydrogen  bonding  term(s) 

SP=SPq+A  (  6  ^  )  1  V2  +  B  *  tt-j  *  7T2  +  C  •  oq  •  $2+D*  a2  *  3  1  (5) 

where  the  SP0  A,  B,  C  and  D  are  constants  and  the 
solvatochromic  parameters  7r* ,  a  and  0  are  an  index  of  solvent 
dipolarity/ polarizability ,  measure  of  hydrogen  bond  donor 
(acidity)  and  hydrogen  bond  acceptor  (basicity)  respectively. 

5  is  the  Hildebrand  solubility  parameter  and  V2  is  the  solute 
molar  volume.  Published  data  of  these  parameters  exist  for  more 
than  210  liquids. 

Combining  the  approaches  of  Fowkes  and  Kamlet  and  Taft  we 
have  analyzed  the  wettability  data  according  to  the  relationship. 

WADH  =  YlvH  +  cos  6  )  +  =  const.  +  p*11  £  +  a'  e  L 

+  b  •  a  L  (  6  ) 

where  p,  a  and  b  are  constants  characteristic  for  the  dipolarity/ 
polarizability,  hydrogen  bond  donor  and  hydrogen  bond  acceptor 
properties  of  the  polymer.  In  the  first  approach  we  assumed  tt  e 
to  be  negligibly  small  for  all  liquids. 

The  multiple  linear  regression  analysis  was  performed  using 
an  all  possible  subsets  regression  program  from  BMDP  Statistical 
Software,  Inc.  Very  poor  correlations  were  obtained  when  all  25 
liquids  used  in  the  wettability  studies  were  included.  The  best 
subset  for  the  different  fiber  materials  are  given  in  Table  4. 
Further  analysis  has  allowed  an  understanding  of  this  poor 
correlation.  The  work  of  adhesion  as  determined  from  wettability 
data  (Equation  6)  will  only  depend  on  interactions  between  the 
liquid  and  the  solid  in  the  case  of  liquids  which  exhibit  a  con¬ 
tact  angle  larger  than  zero.  In  the  case  of  zero  contact  angle, 
the  work  of  adhesion  becomes  equal  to  the  work  of  cohesion  of  the 


liquid  (2*  ylv)  which  cannot  be  expected  to  correlate  to 
interaction  forces  involving  the  solid.  Limiting  the  liquids 
used  in  the  linear  regression  analysis  to  those  having  a  surface 
tension  close  to  or  larger  than  the  estimated  surface  energy  of 
the  polymer  proved  to  give  very  good  correlation^  for  PBI  and 
PET,  slightly  less  for  polypropylene.  All  three  polymers  show 
interactions  caused  by  dipolarity/polarizibility  to  be  domi¬ 
nating.  The  PBI  showed  a  higher  basicity  than  the  PET  which 
would  be  expected  from  a  structural  point  of  view. 

Linear  regression  analysis  of  the  work  of  adhesion  as  func¬ 
tion  of  the  partial  solubility  parameters  gave  poorer  correla¬ 
tions  than  those  reported  in  Table  4  for  cases  of  limited  number 
of  liquids. 


Inverse  gas  chromatography  (IGC)  is  of  great  value  in 
studies  of  various  polymer-solvent  interactions'^  ana  has  been 
used  for  characterizing  the  acid/base  properties  of  polymers^. 
The  polymer  is  used  as  the  stationary  phase  and  small  amounts  of 
volatile  solutes  are  injected  as  molecular  "probes"  in  the  IGC 
experiments.  The  polymer  can  be  either  coated  onto  a  standard 
stationary  phase,  ground  up  into  a  powder,  chopped  up  into  small 
pieces  or  loaded  as  intact  fibers.  The  IGC  experiment  has 
several  advantages  over  wettability  studies  for  investigations  of 
polymer-solvent  interactions.  Very  small  volumes  of  the  liquids 
are  used  and  no  exposure  to  the  surrounding  is  needed.  The 
polymer  can  be  in  any  shape.  The  variable  shapes  of  natural 
fibers  make  them  difficult  to  jtudy  by  wettability  methods. 
Finally,  a  direct  measure  cr  the  interaction  energies  is 
obtainable.  We  decided  to  if  IGC  studies  could  be  used  as  an 

alternative  to  wettability  studies  for  an  estimate  of  specific 
polymer-solvent  interactions.  We  decided  to  start  with  the 
determination  of  the  acid/base  properties  of  the  polymers  using 
t-butyl  alcohol  as  the  acidic  probe,  n-butylamine  as  the  basic 
probe  and  n-heptane  as  a  neutral  probed.  The  interaction  of 
other  neutral  probes  were  also  studied  in  order  to  get  a  feel  for 
boiling  point  effects.  The  columns  were  loaded  with  intact 
fibers1^  in  order  to  minimize  end  effects.  It  was  our  original 
intention  to  study  all  solvents  for  one  of  the  polymers  by  IGC 
and  to  determine  the  correlation  between  the  IGC  data  and  the 
wettability  data.  However,  the  IGC  experiments  were  not  as 
straight  forward  as  expected  from  literature  and  the  influence  of 
several  experimental  variables  had  to  be  established  (see 
Appendix  C) . 


The  retention  volume  of  the  probes  were  determined  at  30,  60 
and  90°C  and  the  results  analyzed  to  give  an  estimate  of  the 
interaction  enthalpy  between  the  probe  molecules  and  column 
packings.  (Higher  temperatures  75,  90  and  105°C  were  needed  in 
case  of  the  PP  column.)  The  results  of  the  IGC  investigation 
(Table  5)  showed  the  PBI  column  to  be  distinctively  acidic  and 
the  PET  column  to  be  basic.  The  rayon  and  PP  columns  were 
slightly  acidic.  The  acidity  of  the  PBI  as  determined  by  IGC  is 
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TABLE  5.  RELATIVE  INTERACTION  ENTHALPIES  AS  DETERMINED  BY  IGC 


Probe 

Relative 

Interaction 

Enthalpy 

(-AH/R) 

Rayon 

PBI 

PET 

PP 

n-Butylamine 

38.3 

103.9 

4.6 

165.8 

t-Butanol 

28.1 

31.7 

9. 1 

117.4 

n-Heptane 

21.6 

38.7 

10.0 

224.9 

in  contrast  to  the  result  of  the  linear  regression  analysis  using 
Kamlet  and  Taft's  solvatochromic  parameters.  One  possible 
explanation  to  the  difference  is  the  different  water  content  of 
the  fibers  in  the  two  types  of  experiments.  The  wettability 
studies  as  well  as  the  penetration  studies  were  performed  with 
fibers  containing  the  equilibrium  amount  of  water  regain.  This 
water  is  most  probably  lost  during  the  IGC  experiment.  The 
"acidity"  of  the  PP  column  reflects  most  probably  a  difference  in 
the  interaction  between  a  branched  and  straight  hydrocarbon  chain 
with  the  polypropylene. 

4.3  Fabric  Characterization 


All  four  barrier  fabrics  were  made  in  plain  weave  from 
staple  yarn  but  it  was  not  possible  to  obtain  fabrics  with  the 
same  total  denier  of  the  yarn  and  denier  per  fiber.  Photomicro¬ 
graphs  of  the  four  barrier  fabrics  and  the  receiver  fabric  are 
shown  in  Figures  10-14.  It  is  evident  from  the  photomicrographs 
that  the  PET  barrier  fabric  had  the  largest  transplanar  openings 
and  the  polypropylene  the  smallest  of  the  barrier  fabrics.  The 
rayon  and  PET  barrier  fabrics  are  the  most  similar  in  construc¬ 
tion.  The  light  transmittance  through  the  fabric  gives  an  esti¬ 
mate  of  the  level  of  continuous  transplanar  pores.  The  transmit¬ 
tance,  i.e.,  the  percent  of  area  open  to  passage  of  light  shone 
at  90*  angle  to  the  fabric  surface  was  determined  by  image  analy¬ 
sis  for  the  four  barrier  fabrics  and  the  results  are  given  in 
Table  6  as  well  as  the  measured  thickness  of  the  fabrics. 

The  fabrics  were  also  submitted  to  the  Textile  Research 
Institute  (TRI)  for  the  determination  of  air  permeability, 
spontaneous  water  up-take  and  pore  size  distribution.  The  air 
permeability  was  obtained  using  a  Frazier  instrument  and  driving 
pressure  of  0.5  inches  of  water.  The  spontaneous  water  up-take 
was  measured  by  the  TRI  method  using  a  1%  aqueous  nonionic 
surfactant  (Triton  X-100)  solution20  and  the  pore  size 
distribution  data  by  the  TRI  extrusion  method  with  the  same 
surfactant  solution2*.  The  results  are  given  in  Table  7. 

The  transplanar  pores  observed  in  the  photomicrographs  with 
light  shone  through  the  fabrics  agree  in  size  with  the  larger 
pores  determined  by  the  TRI  extrusion  method  for  the  PBI  and 
rayon  fabrics.  However,  the  very  large  pore  observed  in  the  PET 
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FIGURE  10.  PHOTOMICROGRAPHS  OF  RAYON  BARRIER  FABRIC 
LIGHT,  1 2X  (LEFT);  TRANSMITTED  LIGHT,  40 
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FIGURE  12.  PHOTOMICROGRAPHS  OF  PET  BARRIER  FABRIC.  REFLECTED 
LIGHT,  12X  (LEFT);  TRANSMITTED  LIGHT,  40X  (RIGHT) 


FIGURE  13.  PHOTOMICROGRAPHS  OF  PP  BARRIER  FABRIC.  REFLECTED 
LIGHT  ,  12X  (LEFT);  TRANSMITTED  LIGHT,  40X  (RIGHT) 


PHOTOMICROGRAPHS  OF  THE  FRONT  AND  BACK  SIDES  OF 
PET/COTTON  RECEIVER  FABRIC.  REFLECTED  LIGHT,  1 2X 
(LEFT);  TRANSMITTED  LIGHT,  40X  (RIGHT) 


FIGURE  14 
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TABLE  6.  FABRIC  PROPERTIES 

Barrier  Fabric 

%  Light  Transmittance 

Thickness,  mm 

PBI 

0.5 

0.62 

Rayon 

0.2 

0.64 

PET 

1.0 

0.59 

PP 

0.0 

0.97 

Fabric 

TABLE  7. 

Air  Perme¬ 
ability 
f t3/f t2/min 

FABRIC  PROPERTIES  DETERMINED  BY 

Spontaneous  Uptake  Pore  Size 
Rate  Total  Prevalent 

mg/s/cm2  mg/cm^  y 

TRI 

Distribution 
Pore  Sizes 

m 

PBI 

7.1 

0.81 

19.8 

5, 

55 

Rayon 

20.8 

1.96 

19.3 

3, 

53 

PET 

65.9 

0.15 

7.5 

5, 

55 

PP 

32.8 

0.58 

28.0 

9, 

76 

PET/ 

Cotton 

408 

3.67 

20.0 

5, 

60 

fabric  (Figure  12)  are  evidently  not  detected  by  this  method. 
Although  no  continuous  transplanar  pores  were  observed  by  light 
transmission  for  the  PP  fabric,  the  TRI  method  implied  interyarn 
spaces  with  an  average  size  of  76  pm.  This  would  also  agree  with 
the  high  air  permeability  for  this  fabric.  The  smaller  of  the 
prevalent  pore  sizes  are  generally  ascribed  to  intrayarn  spaces. 

4.4  Penetration  Studies 

The  penetration  studies  were  performed  by  Celanese  Fibers 
Operations  with  a  constant  barrier-receiver  contact  pressure  of  50 
cm  water  for  a  duration  of  20  seconds.  The  delivery  of  a  constant 
liquid  drop  was  practiced  by  measuring  the  weight  delivered  to  a 
filter  paper  for  at  least  10  drops.  It  was  assumed  that  the  same 
amounts  were  delivered  under  the  actual  experimental  conditions  to 
the  barrier  fabrics.  The  calculated  percentages  of  liquid 
penetrated  are  given  in  Table  8.  The  observed  average  weights, 
standard  deviations  and  general  observations  are  given  in  Appendix 
A,  Tables  A-10  through  A-13.  The  PET  barrier  fabric  showed  the 
highest  degree  of  penetration  and  the  polypropylene  barrier  fabric 
the  lowest  one.  The  relative  ranking  of  the  different  liquids 
was,  however,  surprisingly  independent  of  the  type  of  barrier 
fabric . 
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TABLE  8.  PERCENT  LIQUID 

PENETRATED  AFTER  20 

SECONDS  CONTACT 

THROUGH  THE  BARRIER 

FABRICS 

INTO  THE  RECEIVER  MATERIAL 

CALCULATED  FROM 
CELANESE  FIBERS 

PENETRATION 

OPERATIONS. 

STUDIES 

PERFORMED  AT 

Liquid 

Rayon 

«  PBI 

%  PET 

%  Polypropylene  % 

Water 

11 

83 

4 

2 

Dimethyl sulfoxide 

38 

47 

100 

50 

N-Methyl-2-Pyrrolidone 

55 

41 

100 

50 

Dimethyl acetamide 

51 

41 

89 

43 

Diethylmalonate 

57 

30 

99 

43 

Triethylphosphate 

47 

40 

74 

35 

Formamide 

30 

38 

94 

23 

Acetic  Acid 

59 

33 

75 

30 

Hexadecane 

37 

39 

91 

23 

Ethylene  Glycol 

37 

33 

56 

1 

Ethanol 

36 

32 

61 

16 

Propanol 

35 

19 

37 

12 

Methylene  Iodide 

26 

12 

93 

31 

Pyridine 

16 

25 

49 

21 

Methanol 

19 

26 

21 

2 

Acetonitrile 

6 

4 

49 

3 

1,2  Dichloroethane 

3 

1 

50 

4 

t-Butylamine 

11 

0 

8 

5 

Diisopropylether 

7 

0 

3 

4 

Cyclohexane 

4 

1 

7 

4 

4-Methyl- 2-Pen tanone 

6 

1 

7 

1 

2-Butanone 

4 

2 

7 

3 

Ethylacetate 

3 

1 

6 

3 

Dichlorome thane 

2 

1 

5 

3 

Toluene 

1 

0 

7 

3 

A  restudy  of  the  penetration  behavior  of  pure  liquids  was 
performed  using  the  very  careful  control  of  all  experimental 
parameters  found  to  be  necessary.  The  penetration  time  of  20 
seconds  was  kept  although  time  studies  showed  the  penetration  to 
be  very  fast  and  to  occur  within  the  first  seconds.  The  liquids 
were  chosen  among  the  original  set  of  liquids  to  represent  a  wide 
range  of  physico-chemical  properties.  The  most  volatile  liquids 
were  omitted.  Only  acetonitrile  and  1 , 2-dichloroethane  showed 
significant  evaporative  losses  (10-20%  weight  loss  in  10 
seconds).  Liquids  with  boiling  points  above  150*C  showed  no 
weight  loss  during  1  minute's  study.  The  average  delivered 
weight  of  liquid,  its  standard  deviation  and  the  average  amount 
of  liquid  penetrated  into  the  receiver  material  and  its  standard 
deviations  are  given  in  Appendix  A,  Tables  A-14  through  A-17. 
The  calculated  percent,  liquid  delivered  of  a  50  uL  drop  by  light 
contact  to  the  barrier  fabric  is  given  in  Table  9.  Liquids  which 
had  shown  advancing  contact  angles  larger  than  60*  were  not 
transferred  to  the  barrier  fabric.  It  is  evident  from  Table  9 
that  although  a  constant  size  of  a  liquid  drop  was  contacted  with 
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the  fabric  the  amount  actually  transferred  showed  large 
variations.  Especially  the  liquids  with  both  a  low  surface 
tension  a  a  low  viscosity  delivered  much  less  than  the  desired  4 
mm  drop. 

The  calculated  percentages  of  penetrated  liquid  after  20 
seconds  contact  are  given  in  Table  10.  The  PET  fabric  shows 
again  the  highest  level  of  penetration.  However,  the  rayon 
fabric  showed  considerable  penetration  for  all  liquids  but 
water.  It  was  observed  that  the  water  drop  transferred  extremely 
fast  from  the  capillary  onto  the  rayon  where  it  wicked  out  to 
cover  a  large  variable  area.  The  polypropylene  fabric  was  not 
wetted  by  the  drops  of  four  of  the  liquids.  It  showed  in  general 
the  lowest  penetration  of  the  four  barrier  fabrics.  The  PBI 
barrier  fabric  showed  least  penetration  of  the  two  simulants 
diethylmalonate  and  triethylphosphate .  Acetonitrile  was  the 
liquid  which  showed  the  highest  penetration  through  all  barrier 
materials  in  average.  It  was,  however,  also  a  liquid  with  a 
small  volume  transferred. 


TABLE  9.  PERCENT  LIQUID  DELIVERED  OF  A  50  u  L  DROP  BY  LIGHT 
CONTACT  TO  THE  BARRIER  FABRIC  IN  THE  PRESENCE  OF  A 


BARRIER- 

RECEIVER 

CONTACT 

PRESSURE 

OF  50 

CM 

WATER. 

yLV 

n 

RAYON 

PBI 

PET 

PP 

LIQUID 

DYN/CM 

CPS 

% 

% 

% 

% 

Water 

72.6 

0.891 

80 

86 

. 

Formamide 

58.0 

3.30 

82 

84 

89 

- 

Ethylene  Glycol 

47.8 

13.50 

85 

86 

88 

- 

Dimethyl sulfoxide 

43.3 

2.00 

69 

75 

70 

- 

Pyridine 

36.7 

0.88 

46 

48 

44 

77 

1 , 2-Dichloroethane* 

32.2 

0.73 

23 

22 

21 

41 

Diethylmalonate 

31.5 

1.94 

50 

56 

48 

69 

Triethylphosphate* 

29.7 

1.70 

48 

47 

46 

63 

Acetonitrile 

28.6 

0.33 

30 

35 

24 

56 

Toluene 

28.1 

0.56 

32 

35 

31 

43 

Hexadecane 

27.2 

3.34 

72 

70 

75 

74 

Acetic  Acid 

26.6 

1.04 

32 

27 

33 

44 

Propanol 

23.6 

1.72 

52 

54 

46 

62 

4-Me thy 1-2-Pen tanone 

23.6 

0.54 

35 

24 

22 

30 

*45  yl  drops 
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TABLE  10.  PERCENT  LIQUID  PENETRATED  AFTER  20  SECONDS  CONTACT 
THROUGH  THE  BARRIER  FABRICS  INTO  THE  RECEIVER 
MATERIAL  CALCULATED  FROM  PENETRATION  STUDIES 
PERFORMED  AT  CELANESE  RESEARCH  COMPANY  USING  A 
REVISED  PROCEDURE. 


LIQUID 

RAYON  % 

PBI  % 

PET  % 

POLYPROPYLENE  % 

Water 

26 

57 

— 

_ 

Formamide 

55 

79 

84 

- 

Ethylene  Glycol 

62 

57 

80 

- 

Dimethyl sulfoxide 

58 

43 

70 

- 

Pyridine 

63 

39 

82 

51 

1 , 2-Dichloroethane 

67 

31 

66 

19 

Diethylmalonate 

55 

38 

74 

40 

Tr iethylphosphate 

71 

36 

60 

48 

Acetonitrile 

80 

46 

78 

53 

Toluene 

69 

30 

66 

23 

Hexadecane 

66 

44 

72 

32 

Acetic  Acid 

72 

45 

71 

38 

Propanol 

66 

35 

77 

23 

4-Methyl- 2-Pentanone 

62 

43 

74 

24 

5.  DISCUSSION 


5. 1  Capillary  Flow 

The  driving  force  for  liquid  flow  in  a  capillary  is 
determined  by  the  capillary  pressure, 

2_  Y  lv  cosQ a 


where 

Ylv  =  surface  tension  of  the  liquid 
9a  =  advancing  contact  angle 
=  radius  of  the  capillary 

and  the  hydrostatic  pressure 

pgl  (8) 

where 

p  =  density  of  the  liquid 

c,  =  gravitational  acceleration 

1  =  distance  of  liquid  flow  into  the  capillary 


The  general  theory  for  the 
Washburn's  equation: 


capillary  flow  is  described  by 


dl 

dt 


81  1 
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(9) 


where 


t  =  time 

n  =  viscosity  of  the  liquid 
-  *  for  capillary  rise 
+  *  for  capillary  down  flow 

The  contributions  from  the  hydrostatic  pressure  are  gener¬ 
ally  regarded  negligibly  small  for  che  movement  of  a  limited 
liquid  volume  as  a  small  drop  in  a  fabric.  This  reduces  Wash¬ 
burn's  equation  to: 

dl  =  1  YlV  •  cos  °a  (10) 

dt  4  n  1 


(11  ) 


(12) 


The  Washburn  equation  thus  predicts  that  the  flow  rate  will 
be  much  faster  into  the  large  capillaries  than  into  the  small 
ones  and  that  most  of  the  liquid  will  be  absorbed  into  the  large 
pores  originally.  However,  when  all  of  a  liquid  drop  is  absorbed 
into  capillaries,  the  pressure  gradient  due  to  size  differences 
of  the  capillaries  will  lead  to  liquid  flow  from  the  larger 
capillaries  (j)  into  the  smaller  ones  (i). 


2  YLV  *  cos 


2 Ylv  •  cos  9  r j 


where 

APij  =  pressure  gradient  for  capillaries  i  and  j 
eai  =  advancing  contact  angle  of  small  capillary  i 
9rj  =  receding  contact  angle  of  large  capillary  j 

Only  very  large  contact  angle  hysteresis  would  prevent  this 
redistribution  of  liquid.  The  Washburn  relation  also  predicts 
that  a  liquid  with  a  large  penetrating  power  or  driving  force, 
Ylv  cos  0/  n  ,  will  show  a  higher  flow  rate  than  one  with  a  small 
one.  Capillary  flow  should  occur  for  all  liquids  which  have  an 
advancing  contact  angle  less  than  90*.  However,  analysis  of  the 
wetting  through  of  fabrics  shows  that  the  non-cylindrical 
capillaries  of  a  fabric  will  lead  to  an  opposing  pressure  for 
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contact  angles  less  than  0*23.  Break  through  would  thus  occur 
only  if  the  hydrostatic  pressure  of  the  drop  is  larger  than  this 
pressure . 

The  final  distribution  of  liquid  between  the  barrier  fabric 
and  the  receiver  fabrics  should  be  a  function  of  the  flow  rate  in 
the  capillaries  of  both  materials.  The  applied  drop  will 
experience  the  finer  intrayarn  capillaries,  the  larger  interyarn 
capillaries  at  yarn  cross-over  points  as  well  as  the  transplanar 
pores.  Some  liquid  will  enter  all  of  these  capillaries  but  the 
fastest  transport  and  the  largest  volume  will  be  in  the  trans¬ 
planar  pores.  The  transfer  rate  of  liquid  to  the  receiver 
material  will  depend  on  the  properties  of  the  capillaries  between 
the  two  materials  which  will  be  a  function  both  of  the  materials 
and  of  the  contact  pressure.  Maximal  penetration  should  result 
when  the  rate  of  penetration  into  the  receiver  material  is  larger 
than  that  of  planar  wicking  in  the  barrier  fabric. 

5 . 2  Experimental  Results 

Most  of  the  liquids  used  in  the  present  study  have  densities 
within  the  range  of  1.0  ±  0.2  g/cm*.  The  only  liquid  with  a 
significant  larger  density  was  the  methylene  iodide  (Appendix  A, 
Table  A— 1 ) .  The  open  transplanar  pores  of  the  PBI,  rayon  and  PP 
were  of  the  order  of  50  y  m  or  less.  Calculations  show  that 
contributions  from  the  hydrostatic  pressure  to  be  negligible 
compared  to  the  capillary  force  for  these  barrier  fabrics.  The 
PET  barrier  fabric  has  much  larger  transplanar  pores  and  the 
contribution  from  the  hydrostatic  pressure  of  the  drop  will  be 
significant.  Both  the  larger  pore  size  and  the  hydrostatic 
pressure  will  thus  contribute  to  the  higher  penetration  observed 
for  the  PET  fabric  especially  in  the  case  of  the  dense  methylene 
iodide.  The  somewhat  lower  penetrations  observed  for  the 
polypropylene  barrier  fabric  might  also  be  related  to  the 
construction.  The  denier  of  the  polypropylene  staple  yarn  is 
thus  much  higher  than  the  other  yarns.  This  leads  to  much  fewer 
transplanar  pores  per  unit  area  (e.g.,  compare  Figures  12  and  13) 
and  to  a  thicker  fabric  (Table  6)  i.e.,  longer  path  length  of 
diffusion  to  the  receiver. 

The  penetration  data  were  first  analyzed  to  see  if  the 
penetration  was  governed  by  Washburn's  equation.  The  percent 
penetrated  liquid  was  thus  plotted  against  the  driving  force 
Y LV  cos  9/ n  as  determined  from  the  wettability  studies  (Appendix 
A,  Tables  A- 2 ,  A-4,  A-6  and  A-8)  (Figure  15).  Liquids  with  a 
high  driving  force  showed,  in  general,  a  low  penetration, 
although  Washburn's  equation  predicted  the  highest  transport 
rates  through  the  larger  transplanar  pores  for  these  liquids. 
Planar  wicking  within  the  finer  intrayarn  pores  appeared  to 
dominate  for  these  liquids  i.e.,  the  transfer  of  liquid  into  the 
finer  pores  caused  by  their  higher  capillary  pressure  was  taking 
place . 

A  three  dimensional  representation  in  the  form  of  contour 
maps  of  the  penetration  data  was  next  made  for  the  PBI  and  PP 
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barrier  fabrics  in  an  attempt  to  separate  the  effect  of  the 
capillary  force  assuming  constant  pore  radii  and  the  viscous  drag 
(Figure  16).  The  contour  maps  implied  that  the  viscosity  of  the 
liquids  was  the  determining  factor  for  the  penetration.  Low 
penetration  was  observed  for  liquids  with  an  inverse  viscosity 
larger  than  1.1  or  a  viscosity  less  than  approximately  1  cps.  It 
thus  appeared  that  extensive  planar  wicking  took  place  only  for 
liquids  with  a  very  low  viscosity  although  general  capillary 
theory  for  a  limited  liquid  volume  predicts  the  wicking  in  the 
fine  intrayarn  capillaries  to  become  the  dominating  transport 
mechanism  for  all  liquids  which  do  not  show  high  contact  angle 
hysteresis.  Mainly,  water,  ethylene  glycol  and  formamide  showed 
significant  contact  angle  hysteresis.  A  plausible  explanation 
was  the  fact  that  the  intrayarn  capillaries  of  a  staple  yarn  will 
show  large  variability  in  diameter,  especially  at  yarn  cross  over 
points  when  the  fabric  is  under  tension  due  to  an  applied 
pressure  across  the  fabric.  An  analysis  of  a  simplified  model 
system  such  as  a  corrugated  tube  shows  that  the  viscous  friction 
losses  caused  by  tube  diameter  variations  car:  qualitatively 
explain  the  observed  viscosity  dependence  for  the  planar  wicking 
and  thus  the  penetration. 

However,  the  subsequent  penetration  studies  showed  these 
results  to  be  an  artifact.  The  explanation  is  that  the  organic 
liquids  with  a  low  viscosity  exhibited  low  degrees  of  transfer  to 
the  barrier  fabric  under  the  experimental  conditions  (Table  9). 
They  also  had  comparatively  low  boiling  points.  Thus, 
considerable  evaporation  took  place  during  the  experiments, 
especially  when  performed  in  a  fume  hood. 

All  liquids  but  for  d ichloroethane  and  triethylphosphate 
formed  stable  50  yL  drops  at  the  end  of  the  glass  capillary  used 
to  deliver  the  liquids  to  the  fabric.  The  shape  of  the  drops  was 
very  similar  for  all  liquids.  Analysis  showed  that  the  primary 
physico-chemical  properties  determining  how  much  of  the  drops 
were  transferred,  were  the  contact  angle  and  the  viscosity. 
Secondary  factors  were  the  surface  tension  and  the  density  of  the 
liquid.  Liquids  with  an  advancing  contact  angle  larger  than 
approximately  60°  did  not  transfer  at  all  (Table  9,  Appendix  A, 
Tables  A-2 ,  A-4,  A-6,  and  A-8).  They  did  not  penetrate  when 
sheared  off  into  the  fabric.  Liquids  which  gave  contact  angles 
in  the  range  of  40-60°  with  some  of  the  barrier  fabric  materials 
and  with  other  materials  0°,  appeared  to  transfer  more  under  the 
poorer  wetting  conditions.  A  contact  angle  less  than  90°  was 
thus  not  enough  for  the  liquid  to  enter  the  pores  of  the  fabric. 
Evidently,  the  irregular  shape  of  the  pores  of  a  fabric  and  the 
resulting  changes  in  the  capillary  pressure  with  the  position  of 
the  liquid  front^3  caused  too  high  a  resistance  to  be  overcome  by 
the  hydrostatic  pressure  of  the  drop  in  the  case  of  systems  with 
a  contact  angle  larger  than  60°.  This  is  true  even  in  the  case 
of  the  PET  fabric  with  its  comparatively  large  transplanar  pores. 

Previous  investigations  had  shown®,  that  the  degree  of 
penetration  depended  on  the  drop  volume.  Plots  of  the  percent 
liquid  penetrated  vs.  the  percent  liquid  transferred  showed  a 
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weak  trend  of  increase  for  PBI,  PET  and  polypropylene  and  of 
decrease  for  rayon.  The  drop  volume  did  not  govern  the  degree  of 
penetration  for  any  of  the  barrier  fabrics. 

The  thickness  of  the  barrier  fabric  as  well  as  the  pore  size 
distribution  will  determine  the  length  of  the  penetration  path. 
It  will  also  affect  the  maximum  liquid  volume  that  can  be  held  by 
the  fabric  per  unit  area.  The  thickness  of  the  rayon,  PBI  and 
PET  fabric  was  approximately  the  same,  while  the  polypropylene 
fabric  was  approximately  50%  thicker  (Table  6).  The  difference 
was  also  translated  into  the  maximum  free  volume.  More  liquid 
should  therefore  be  expected  to  be  retained  in  the  polypropylene 
fabric  than  the  other  fabrics.  A  comparison  of  the  different 
barrier  fabrics  (Table  10)  showed  that  the  PBI  fabric  did  not 
follow  the  expected  behavior.  The  PBI  fabric  thus  showed  the 
highest  relative  retention.  This  had  to  originate  from  the 
physico-chemical  properties  of  the  PBI  fibers  since  the 
construction  of  the  rayon,  PBI  and  PET  fabric  were  similar. 
However,  the  PET  fabric  had  comparatively  large  transplanar  pores 
which  might  account  for  the  high  penetration  of  this  fabric. 

Analysis  of  the  penetration  data  by  Washburn's  equation 
showed  a  poor  correlation  (Figure  17).  The  size  of  the  capillary 
driving  force  thus  appeared  to  have  low  impact  on  the  relative 
amount  of  penetration.  A  partial  explanation  to  this  could  be 
the  fact  that  the  capillary  driving  forces  were  determined  from 
equilibrium  wetting  behavior  while  the  penetration  was  shown  tc 
be  very  fast.  The  whole  penetration  process  was  completed  within 
less  than  a  second  for  most  of  the  liquids.  This  would  corre¬ 
spond  to  flow  rates  of  the  order  of  mm/sec.  Deviations  from  the 
equilibrium  advancing  contact  angle  have  been  observed  to  start 
at  a  velocity  as  low  as  0.8  mm/min  for  water  and  PET24  and  at 
cm/minutes  for  many  systems2^.  inverarity25  studied  the  dynamic 
wetting  of  glass  and  polymer  fibers  plunging  into  a  liquid.  He 
found  that  a  common  master  curve  was  obtained  when  the  cosine  of 
the  dynamic  contact  angle  was  plotted  against  the  logarithm  of 
the  product  of  the  viscosity  and  the  velocity  for  all 
liquid/solid  pairs  which  had  a  zero  advancing  contact  angle  at 
equilibrium  conditions.  A  low  viscosity  liquid  thus  retained  its 
equilibrium  contact  angle  at  higher  velocities  than  a  liquid  with 
a  high  viscosity.  Significant  changes  in  the  contact  angle  was 
observed  already  at  velocities  of  cm/min.  Jing  et  al  derived  a 
correlation  from  experimental  data  for  liquids  with  high 
viscosities  which  suggested  that  the  dynamic  contact  angle  could 
be  calculated  from  the  capillary  number  and  the  static  contact 
angle.  (The  capillary  number  is  the  ratio  of  the  viscosity 
forces  to  interfacial  forces.)  The  calculated  flow  rates  needed 
to  cause  significant  changes  in  the  advancing  contact  angle  of 
liquids  with  low  viscosities  were  orders  of  magnitude  higher  than 
those  observed  by  Gillberg  and  Kemp24  and  Inverarity25 .  Further 
studies  would  be  needed  to  determine  if  the  spontaneous  flow  of  a 
liquid  due  to  capillary  forces  could  lead  to  dynamic  contact 
angles. 


FIGURE  17.  ANALYSIS  OF  OBSERVED  PENETRATION  RATES  AS  FUNCTION  OF  THE  PENETRATION 
POWER  ACCORDING  TO  WASHBURN'S  EQUATION  FOR  CAPILLARY  FLOW 


The  very  fast  penetration  process  also  meant  that  a  redis¬ 
tribution  of  liquid  from  the  receiver  to  the  barrier  fabric 
caused  by  differences  in  capillary  pressure  might  have  taken 
place  during  the  20  seconds  of  experimental  time.  The  possibil¬ 
ity  of  redistribution  was  studied  for  a  few  liquids  within  the 
time  range  of  2  seconds  to  10  minutes.  No  redistribution  of 
these  liquids  were  observed.  The  use  of  several  receiv  r  layers 
might  decrease  the  tendency  of  reversal  although  this  was 
observed  by  Miller  and  Perkins  using  the  same  experimental  con- 
ditions^. 

The  relative  fabric  wettability,  as  described  by  the  contact 
angle,  determined  if  a  liquid  would  be  transferred  to  the  fabric 
and  thus  the  limit  of  zero  penetration.  The  general  analysis  by 
Clark  and  Miller  of  the  resistance  to  flow  in  a  fabric  predicted 
the  resistance  to  be  higher  and  also  more  sensitive  to  the 
advancing  contact  angle  for  finer  pores.  A  penetration  of  liquid 
through  the  longer  transplanar  pores  should  thus  be  favored  for 
liquids  which  wetted  the  fabric  but  had  high  contact  angles.  A 
plot  of  the  relative  amount  penetrated  liquid  vs.  the  advancing 
contact  angle  are  given  in  Figure  18  for  PBI,  PET  and  polypropyl¬ 
ene.  A  general  trend  of  an  increased  degree  of  penetration  with 
increasing  contact  angle  is  observed  as  predicted. 

All  liquids  except  methylene  iodide  gave  a  zero  advancing 
contact  angle  with  rayon  due  to  its  high  surface  energy  (larger 
than  70  dyn/cm) .  The  rayon  also  showed  high  penetration  for  all 
liquids  except  for  water.  The  water  was  observed  to  wick  out 
very  rapidly.  The  rayon  fabric  could  be  expected  to  show  high 
affinity  to  the  water  due  to  its  hydroxyl  rich  surface  and  high 
water  regain  (15%).  Attempts  to  correlate  the  penetration  data 
of  rayon  with  various  physico-chemical  parameters  (the  partial 
solubility  parameters,  Kamlet  and  Taft's  solvatochromic  parame¬ 
ters,  surface  tension)  gave  in  all  cases  poor  correlation.  There 
was  a  general  trend  to  a  higher  degree  of  penetration  with  a 
decreasing  surface  tension  of  the  liquid  i.e.,  an  increasing 
difference  between  the  estimated  surface  energy  of  the  fabric  and 
the  surface  tension  of  the  liquid.  Similar  analysis  for  the 
other  three  fabrics  also  gave  poor  correlations. 
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PBI  PET  POLYPROPYLENE 


FIGURE  18.  ANALYSIS  OF  OBSERVED  PENETRATION  RATES  AS  FUNCTION  OF  THE 
CONTACT  ANGLE , 8  0 


SECTION  6.  CONCLUSIONS  AND  RECOMMENDATIONS 


a.  The  study  of  the  penetration  of  pure  liquids  through  a  barri¬ 
er  fabric  into  a  receiver  fabric  using  the  apparatus  and  the 
general  procedure  developed  by  B.  Miller  and  H.  K.  Perkins 
under  contract  DAAK1 1 -82-C-0 1 4  3  shows  that  very  careful  con¬ 
trol  of  all  experimental  parameters  is  essential  for  reliable 
and  reproducible  data  to  be  obtained.  The  amount  of  liquid 
actually  transferred  to  the  barrier  fabric  by  contacting  a 
drop  of  constant  size  has  to  be  determined  under  the  experi¬ 
mental  conditions  since  the  volume  transferred  was  shown  to 
depend  on  the  viscosity  of  the  liquid,  the  wettability  of  the 
fabric  by  the  liquid,  the  evaporation  rate  of  the  liquid  and 
the  contact  pressure  across  the  fabric  and  the  receiver  mate¬ 
rial  . 

b.  The  penetration  process  is  very  fast  for  pure  liquids  with 
viscosities  less  than  15  cps  and  takes  place  within  a  sec¬ 
ond.  Differences  in  penetration  rates  cannot  be  determined 
with  the  procedure  specified. 

c.  The  fabric  construction  and  its  wettability  control  the 
penetration.  The  degree  of  penetration  decreases  with 
increasing  fabric  thickness  and  yarn  crimp  and  with  a 
decreasing  size  of  the  transplanar  pores.  Liquids  will  not 
wet  (transfer  and  penetrate)  the  barrier  fabric  if  their 
contact  angle  is  larger  than  60* .  The  degree  of  penetration 
will  increase  with  an  increase  in  the  contact  angle  below 
60*.  Liquids  with  zero  contact  angle  will  generally  show  a 
higher  degree  of  penetration  the  larger  the  difference  in 
surface  energy  between  the  liquid  and  the  solid.  However,  no 
good  correlation  has  been  found  between  the  physico-chemical 
parameters  of  the  liquid  and  the  degree  of  pentration.  The 
PBI  barrier  fabric  shows  a  much  higher  liquid  retention  than 
expected  from  its  construction  and  wettability. 

d.  The  specific  interaction  between  a  liquid  and  a  polymer  as 
described  by  the  work  of  adhesion  can  be  modeled  by  a  linear 
relationship  using  the  solvatochromic  parameters  of  Kamlet 
and  Taft  for  liquid/polymer  pairs  which  yield  a  finite 
contact  angle. 

e.  Mixtures  of  liquids  containing  a  very  volatile  component 
could  drastically  affect  the  penetration  rate  if  large 
changes  in  wettability  behavior  results  from  the  evaporation 
of  the  volatile  component. 
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Drago's  parameter  for  acid  strength 

Drago's  parameter  for  basic  strength 

Drago's  parameter  for  acid  strength 

Drago's  parameter  for  basic  strength 

Observed  force 

Wetting  force 

Buoyance  force 

Gravitational  acceleration 

Inverse  gas  chromotography 

Distance  of  liquid  flow  into  capillary 

Perimeter 

Vapor  pressure  of  liquid 

Pressure  of  saturated  vapor 

Pressure  gradient  for  capillaries  i  and  j 

Polybenzimidazole 

Polyethylene  terephthalate 

Polypropylene 

Ideal  gas  constant 

Outer  radius  of  vertical  tube 

Radius  of  capillary 

Solubility  properties 

Absolute  temperature 

Textile  Research  Institute 

Volume  of  liquid  drop 

Solute  molar  volume 

Work  of  adhesion 

Dipole-dipole  interaction  forces 

Measure  of  hydrogen  bond  donar  (acidity)  of  solvent 
Measure  of  hydrogen  bond  acceptor  (basicity)  of  solvent 
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Gibbs'  absorption  excess  per  unit  area 
Dispersive  part  of  surface  tension/energy 
Polar  part  of  surface  tension/energy 
Surface  tension  of  liquid 
Surface  energy  of  solid 

Interfacial  tension  between  liquid  and  solid 
Surface  energy  of  solid  in  equilibrium  contact  with 
liquid 

Hildebrand  solubility  parameter 
Hansen  dispersion  parameter 
Hansen  hydrogen  bonding  parameter 
Hansen  polar  parameter 
Viscosity  of  liquid 
Contact  angle 
Advancing  contact  angle 
Receding  contact  angle 
Solvent  dipolarity/polarizability 
Surface  pressure  of  vapor 
Density  of  liquid 


46 


APPENDIX  A 


EXPERIMENTAL  DATA 


TABLE  A— 1  PHYSICOCHEMICAL  PARAMETERS  FOR  THE  PURE  LIQUIDS  USED  IN  THE  STUDIES 
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The  fibers  were  cleaned  ultrasonically  with  Methanol  and  then  stored  at  65% 
and  25  C  to  a  constant  water  regain  of  13%.  The  average  fiber  perimeter  wa 
determined  from  wettability  studies  to  be  90  pm. 
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Appendix  A 


TABLE  A- 10  DROP  PENETRATION  TEST  DATA  FOR  RAYON 


Solvent 

Ave.  Weight  Gain 

Weight 

(Grains) 

St.  Dev. 

of  4  mm  Droplet 

Water 

0.0038 

0.0012 

0.0334 

Methanol 

0.0049 

0.0013 

0.0263 

Hexadecane 

0.0095 

0.0023 

0.0258 

Dlmethylsulfoxlde 

0.013* 

0.0032 

0.0365 

Formamldfc 

0.011. 

0.0071 

0.0377 

Ethyl  Acetate 

0.0010 

0.0004 

0.0299 

N-methyl-2-pyrrolldlnone 

0.0189 

0.0016 

0.0344 

Dlchloromethane 

0.0009 

0.0002 

0.0441 

OMAC' 

0.0160 

0.0010 

0.0313 

1-Propanol 

0.0095 

0.0022 

0.0268 

Cyclohexane 

0.0011 

0.0001 

0.0258 

Ethylene  Glycol 

0.0138 

0.0019 

0.0372 

Toluene 

0.0003 

0.0001 

0.0287 

Pyridine 

0.0052 

0.0026 

0.0327 

4-methyl-2-pentanone 

0.0016 

0.0003 

0.0265 

Tert-butylamlne 

0.0025 

0.0006 

0.0230 

01  Isopropyl  Ether 

0.0016 

0.0003 

0.0239 

1,2-dlchloroethane 

0.0010 

0.0002 

0.0322 

Glacial  Acetic  Acid 

0.0206 

0.0023 

0.0349 

Trlfluoro  Acetic  Acid 

0.0226 

0.0020 

0.0494 

Acetonitrile 

0.0016 

0.0002 

0.0261 

Ethanol 

0.0094 

0.0022 

0.0262 

2-Butanone 

0.0010 

0.0008 

0.0270 

Methylene  Iodide 

0.0294 

0.0086 

0.1114 

Triethyl  Phosphate 

0.0169 

0.0022 

0.0358 

Diethyl  Malonate 

0.0202 

0.0025 

0.0353 

NOTE:  All  solvents  penetrated  a  snail  surface  area.  Penetration 
was  complete  and  instantaneous.  None  of  the  solvents 
formed  a  droplet  which  remained  on  the  top  of  the  fabric. 

DMAC  =  Dimethylacetaraide 
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TABLE  A-11  DROP  PENETRATION  TEST  DATA  FOR  PBI 


Ave.  Weight  Gain 

Weight 

Solvent 

(Grains) 

St.  Dev. 

of  4  an  Droplet 

Water 

0.0277 

0.0026 

0.0334 

Methanol 

0.0068 

0.0019 

0.0263 

Hexadecane 

0.0100 

0.0052 

0.0258 

Dlmethylsulfoxlde 

0.0170 

0.0021 

0.0365 

Fermamlde 

0.0143 

0.0090 

0.0377 

Ethyl  Acetate 

0.0004 

0.0003 

0.0299 

N-methyl-2-pyrrolldlnone 

0.0141 

0.0005 

0.0344 

Dlchloromethane 

0.0002 

0.0004 

0.0441 

DMAC 

0.0129 

0.0035 

0.0313 

1-Propanol 

0.0052 

0.0020 

0.0268 

Cyclohexane 

0.0003 

0.0003 

0.0258 

Ethylene  Glycol 

0.0122 

0.0021 

0.0372 

Toluene 

0.0001 

0.0001 

0.0287 

Pyridine 

0.0080 

0.0022 

0.0327 

4-methyl -2-pentanone 

0.0007 

0.0006 

0.0265 

Tert-butylamine 

0.0003 

0.0002 

0.0230 

Di Isopropyl  Ether 

0.0001 

0.0001 

0.0239 

1,2-dlchloroethane 

0.0001 

0.0001 

0.0322 

Acetonitrile 

0.0010 

0.0002 

0.0261 

Glacial  Acetic  Acid 

0.0114 

0.0022 

0.0348 

Ethanol 

0.0084 

0.0006 

0.0262 

2-Butanone 

0.0006 

0.0007 

0.0270 

Methylene  Iodide 

0.0131 

0.0038 

0.1114 

Diethyl  Malonate 

0.0104 

0.0026 

0.0353 

Triethyl  Phosphate 

0.0144 

0.0014 

0.0358 

Trlfluoro  Acetic 

0.0177 

0.0017 

0.0494 

NOTE:  The  DHAC  and  foniaiide  formed  droplets  which  remained  on 
the  barrier  fabric  throughout  the  test.  The  methylene 
iodine  penetrated  a  larger  surface  area  than  the  other 
solvents.  The  other  solvents  penetrated  a  small  surface 
area. 

DMAC  =  Dimethylacetamide 
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TABLE  A- 12  DROP  PENETRATION  TEST  DATA  FOR  POLYESTER 


Solvent 

Ave.  Weight  Gain 
(Grains ) 

St.  Dev. 

Weight 

Of  4  rid  Droplet 

Water 

0.0014 

0.0003 

0.0334 

Methanol 

0.0054 

0.0016 

0.0263 

Hexadecane 

0.0234 

0.0016 

0.0258 

Dlmethylsulfoxlde 

0.0425 

0.0019 

0.0365 

Formamlde 

0.0353 

0.0036 

0.0377 

Ethyl  Acetate 

0.0017 

0.0004 

0.0299 

N-methyl-2-pyrrolldlnone 

0.0376 

0.0012 

0.0344 

Dlchloromethane 

0.0021 

0.0004 

0.0441 

DMAC 

0.0277 

0.0036 

0.0313 

1-Propanol 

0.0098 

0.0018 

0.0266 

Cyclohexane 

0.0017 

0.0004 

0.0258 

Ethylene  Glycol 

0.0207 

0.0023 

0.0372 

Toluene 

0.0020 

0.0013 

0.0287 

Pyridine 

0.0162 

0.0036 

0.0327 

Tert-butylamlne 

0.0018 

0.0006 

0.0230 

4-methyl-2-pentanone 

0.0018 

0.0006 

0.0265 

DHsopropyl  Ether 

0.0008 

0.0004 

0.0239 

1.2-dlchloroethane 

0.0162 

0.0013 

0.0322 

Trlfluoro  Acetic  Acid 

0.0306 

0.0015 

0.0494 

Glacial  Acetic  Acid 

0.0262 

0.0014 

0.0349 

Acetonitrile 

0.0129 

0.0013 

0.0261 

Ethanol 

0.0159 

0.0017 

0.0262 

2-Butanone 

0.0020 

0.0007 

0.0270 

Methylene  Iodide 

0.1039 

0.0147 

0.1114 

Triethyl  Phosphate 

0.0264 

0.0040 

0.0358 

Diethyl  Malonate 

0.0350 

0.0017 

0.0353 

NOTE:  No  solvents  remained  on  the  surface  of  the  fabric  in  drop¬ 
let  fora.  All  solvents  penetrated  completely  and  instan¬ 
taneously  within  a  saall  area. 


DKAC  =*  Diaethylacetaaide 
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TABLE  A- 13 


DROP  PENETRATION  TEST  DATA  FOR  POLYPROPYLENE 


Solvent 


(Tatar 

Methanol 

Hexadecane 

blmethylsulfoxlde 

Fcrmamlde 

tthyl  Acetate 

N-methyl-2-pyrrolldlnone 

Dlchlorometnane 

bMAC 

1- Propanol 
Pyclohexane 
Lthylene  Glycol 
Toluene 
►yrldlne 

4-methyl-2-pentanone 

Tert-butylamlne 

Glacial  Acetic  Acid 

D1  Isopropyl  Ether 

1,2-dlchloroethane 

Acetonitrile 

Ethanol 

2- Butanone 
Methylene  Iodide 
Diethyl  Malonate 
Trlfluoro  Acetic  Acid 
triethyl  Phosphate 


Ave.  Weight  Gain 
(Grains ) 

St.  Dev. 

Weight 
of  4  mm  Dro 

0.0005 

0.0003 

0.0334 

0.0004 

0.0001 

0.0263 

0.0059 

0.0017 

0.0258 

0.0182 

0.0042 

0.0365 

0.0087 

0.0131 

0.0377 

0.0010 

0.0002 

0.0299 

0.0172 

0.0039 

0.0344 

0.0012 

0.0003 

0.0441 

0.0136 

0.0011 

0.0313 

0.0031 

0.0011 

0.02(88 

0.0009 

0.0004 

O.0258 

0.0005 

o.oool 

0.0372 

0.0008 

0.0002 

0.0287 

0.0068 

0.0006 

0.0327 

0.0003 

0.0002 

0.0265 

0.0012 

0.0006 

0.0230 

0.0106 

0.0021 

0.0349 

0.0010 

0.0004 

0.0239 

0.0012 

0.0003 

0.0322 

0.0009 

0.0007 

0.0261 

0.0041 

0.0007 

0.0262 

0.0008 

0.0010 

0.0270 

0.0349 

0.0040 

0.1114 

0.0152 

0.0015 

0.0353 

0.0146 

0.0046 

0.0494 

0.0124 

0.0045 

0.0358 

NOTE: 


No  surface  area  of  the  droplet  penetration  was  of  a  medium 
size,  slightly  larger  than  for  rayon  or  PET.  The  methy¬ 
lene  iodine  penetrated  a  smaller  area  than  the  other  chem¬ 
icals  mentioned.  The  DMAC,  formamide,  ethylene  glycol  and 
water  formed  droplets  on  the  fabric  surface  which  remained 
throughout  the  test. 


DMAC  =  Dimethylacetamide 
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•  iruinii  ni  vrv  i_p»  l'vviwjs.’  \/vm/v 


TABLE  A-1 4 . 

DROP  PENETRATION  DATA 

FOR  RAYON 

All  Weights 

In  Grams 

Receiver/Barrier 
Grams  S.D. 

Receiver 
Weight  S.D. 

Water 

.0398A 

.0016 

.0105 

.0042 

Acetic  Acid 

.0167 

.0039 

.0120 

.0017 

Propanol 

.0208 

.0013 

.0137 

.0006 

Ethylene  Glycol 

.0469 

.0013 

.0292 

.0013 

Formamide 

.0462 

.0015 

.0254 

.0012 

Acetonitrile 

.0118 

.0011 

.0094 

.0006 

Dimethyl sulfoxide 

.0378 

.0014 

.0218 

.0015 

1 , 2-Dichloroethane 

.  0 1 30B 

.0012 

.0087 

.0010 

Hexadecane 

.0280 

.0007 

.0184 

.0007 

Toluene 

.0137 

.0007 

.0094 

.0006 

4-Methyl- 2-Pen tanone 

.0090 

.0017 

.0056 

.0012 

Pyridine 

.0227 

.0020 

.0144 

.0012 

Trie thy lphosphate 

.  0233B 

.0023 

.0165 

.0018 

Diethylmalonate 

.0265 

.0012 

.0146 

.0019 

A  -  Drop  transferred 
B  -  45  y 1  drop  used. 

very  rapidly 
since  50  yl 

to  fabric 
drop  would 

• 

not  form. 
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TABLE  A- 15 

.  DROP  PENETRATION  DATA 

FOR  PBI 

All  Weights 

In  Grams 

Receiver/Barrier 
Grams  S.D. 

Receiver 
Weight  S.D. 

Water 

.0430A 

.0018 

.0244 

.0056 

Acetic  Acid 

.0139 

.0014 

.0063 

.0011 

Propanol 

.0215 

.0009 

.0075 

.0004 

Ethylene  Glycol 

.0476A 

.0005 

.0271 

.0060 

Formamide 

.0477 

.0013 

.0376 

.0045 

Acetonitrile 

.0136 

.0006 

.0063 

.0006 

Dimethyl sulfoxide 

.0411 

.0020 

.0176 

.0008 

1 , 2-Dichloroethane 

. 01 21 B 

.0017 

.0037 

.0003 

Hexadecane 

.0270 

.0010 

.0118 

.0007 

Toluene 

.0149 

.0015 

.0044 

.0006 

4-Methyl- 2-Pen tanone 

.0097 

.0017 

.0042 

.0006 

pyridine 

.0234 

.0014 

.0092 

.0012 

Trie thy lphosphate 

.02278 

.0012 

.0081 

.0017 

Di  e thy lma Iona te 

.0298 

.0011 

.0114 

.0012 

A  -  Drop  transferred 
B  -  45  Ml  drop  used. 

slowly  to  fabric 
since  50  Ml  drop 

• 

would  not  form. 
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TABLE  A-1 6 .  DROP  PENETRATION  DATA  FOR  PET 


All  Weights  In  Grams 


Receiver/Barrier  Receiver 

Grains  S.D.  Weight  S.D. 


Water 

A 

- 

- 

- 

Acetic  Acid 

.0170 

.0021 

.0121 

.0010 

Propanol 

.0185 

.0019 

.0142 

.0011 

Ethylene  Glycol 

.0490° 

.0007 

.0391 

.0016 

Formamide 

.0503 

.0012 

.0424 

.0015 

Acetonitrile 

.0095 

.0012 

.0074 

.0008 

Dimethylsulfoxide 

.0383 

.0016 

.0269 

.0010 

1 , 2-Dichloroethane 

. 0 1 1 6B 

.0021 

.0076 

.0013 

Hexadecane 

.0289 

.0004 

.0209 

.0007 

Toluene 

.0135 

.0011 

.0089 

.0012 

4-Methyl-2-Pentanone 

.0089 

.0011 

.0066 

.0010 

Pyridine 

.0213 

.0022 

.0174 

.0008 

Trie thy lphosphate 

.0220B 

.0013 

.0132 

.0016 

Diethylmalonate 

.0255 

.0020 

.0188 

.0014 

A  -  Drop  would  not  transfer  to 
B  -  45  yl  drop  used,  since  50 

C  -  Drop  transferred  slowly  to 

fabric, 
yl  drop  would 
fabric. 

not  form. 
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ptv  xv  X'iMM  A  XAX-fl  \-/V  V  >  u  ?!  W  ft  V  *  !V*  in-K  f  -M  f  A  ^  »Vt' 
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TABLE  A-17.  DROP  PENETRATION  DATA  FOR  POLYPROPYLENE 


All  Weights 

In  Grams 

Receiver/Barrier 
Grams  S.D. 

Receiver 
Weight  S.D. 

Water 

A 

- 

- 

- 

Acetic  Acid 

.0232 

.0027 

.0089 

.0012 

propanol 

.0248 

.0016 

.0057 

.0005 

Ethylene  Glycol 

A 

- 

- 

- 

Formamide 

A 

- 

- 

- 

Acetonitrile 

.0216 

.0022 

.0115 

.0017 

Dimethylsulfoxide 

A 

- 

- 

- 

1 , 2-Dichloroethane 

.0227® 

.0013 

.0044 

.0006 

Hexadecane 

.0288 

.0007 

.0092 

.0010 

Toluene 

.0183 

.0020 

.0042 

.0004 

4-Methyl- 2-Pentanone 

.0119 

.0015 

.0028 

.0007 

Pyridine 

.0378 

.0029 

.0193 

.0014 

Trie thy lphosphate 

.0306B 

.0020 

.0148 

.0020 

Diethylmalonate 

.0367 

.0016 

.0147 

.0003 

A  -  Drop  would  not  transfer  to  fabric. 

B  -  45  ^1  drop  used,  since  50  P 1  drop  would  not  form. 
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*  »  *  n-A  t  m.  n  »  rt  r_»  \>v  n 


The  work  of  adhesion  between  a  solid  and  a  liquid  is  defined 

as : 


WADH  =  YS  +  YLV  “  YSL 


(B-1) 


where 

WADH 

YS 

ylv 

ySL 


work  of  adhesion 

surface  energy  of  the  solid 

surface  tension  of  the  liquid 

interfacial  tension  between  liquid  and  solid 


Combining  equation  B-1  with  the  Young-Dupre  equation 


YSV  “  YSL  =  YLV  cose 


( B-2 ) 


where 


YSV 

e 


gives 


W 


ADH 


the  surface  energy  of  the  solid  in  equilibrium 
contact  with  the  liquid 
the  contact  angle 


Ys  -  Ysv  +  ylv  (1  +  cos  e  )  = 
ite  +  ylv  (i  +  cose  ) 


(  B-3 ) 


"e  is  called  the  surface  pressure  of  the  vapor  and 
describes  any  reduction  of  the  surface  energy  of  the  solid  due  to 
the  absorption  of  the  vapor  of  the  test  liquid.  For  vapors 
obeying  the  ideal  gas  law  can  be  determined  according  to: 


=  RT 


Po 

/ 

0 


I’d  (lnp) 


(B-4 ) 


where 


R  = 
T  = 

P  = 

Po  = 
r  = 


ideal  gas  constant 
absolute  temperature 
vapor  pressure  of  liquid 
pressure  of  the  saturated  vapor 
Gibbs  absorption  excess  per  unit  area 


The  surface  pressure  has  been  shown  to  be  negligibly  small 
for  liquids  which  give  a  finite  contact  angle. 
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The  work  of  adhesion  can  also  be  written  as  the  sum  of  the 
contributions  from  the  different  types  of  interactions  such  as 
Londen  dispersion  forces  (D)  and  various  types  of  polar 
interactions  (P). 

WADH  =  wD  +  wP  (B-5) 

It  has  been  shown  that  the  dispersion  force  interactions  can 
correctly  be  described  by  the  use  of  a  geometric  mean  expression: 

wD  *  (B_6) 

where 

7 iD  =  dispersion  component  of  the  surface  tension 
of  component 

It  is  reasonable  to  treat  dipole-dipole  interactions  in  the 
same  way.  Owens  and  Wendt  group  all  types  of  polar  interactions 
into  one  component  denoted  by  P  and  assumes  a  geometric  mean  for 
the  interaction 


/  P  •  P 

Wp  a  2yn  y  2  (B-7) 


and  the  work  of  adhesion  between  a  liquid  (L)  and  a  solid  (S) 
thus  becomes _ _ 

r~5  :  p*  /  p  .  P 

WADH  s  2'V'l'V  YS  +  2yYLV  yS  (B-8) 

A  combination  of  equations  B-3  and  B-8  and  rearrangements 

give 
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The  determination  of  the  contact  angle  for  liquids  with 
published  partial  surface  tensions  and  the  assumption  that  the 
ne  term  is  negligibly  small  will  thus  allow  a  determination  of 
the  partial  surface  energies  of  the  solid  either  graphically 
(Kaelble  plots)  or  by  the  solution  of  simultaneous  equations. 
Kaelble  plots  with  calculated  partial  surface  energies  are  given 
for  PBI ,  PET  and  PP  in  Figures  B-1  -  B-3. 


"W2 


FIGURE  B- 


PBI  -  ESTIMATE  OF  THE  SURFACE  ENERGY  OF  PBI 
FIBERS  (PERIMETER  46  ym)  BY  KAELBLE'S  METHOD 
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FIGURE  B-2.  PET  -  ESTIMATE  OF  THE  SURFACE  ENERGY  OF  PET 
FIBERS  (DIAMETER  23  pm)  BY  KAELBLE'S  METHOD 
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FIGURE  B-3.  POLYPROPYLENE  -  ESTIMATE  OF  THE  SURFACE  ENERGY 
OF  POLYPROPYLENE  FIBERS  (DIAMETER  13  um)  BY 
KAELBLE'S  METHOD 
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Purpose 


The  purpose  of  this  study  was  to  investigate  the  interactions  between 
probe  molecules  and  commercial  fibers  using  I6C. 

Summary 

IGC  was  applied  to  study  the  inherent  surface  characteristics/ 
interactions  of  four  commercially  available  fibers,  polyethylene 
terephtha 1  ate  (PET),  polybenzimidazole  (PBI),  Rayon  (regenerated 
cellulose)  and  polypropylene  (PP).  The  effects  of  experimental 
parameters  (flow  rate,  sample  injection  size  and  column  temperature) 
on  the  interactions  between  the  fibrous  packings  and  organic  probes 
were  investigated  and  the  results  suggested  fundamental  GC  theories 
could  be  used  to  rationalize  the  IGC  behavior  of  intact  fibers. 
Generally  speaking,  an  increase  in  sample  injection  size  or  column 
temperature  decreased  the  retention  volume  of  organic  probes, 
whereas,  the  effect  of  flow  rate  on  column  efficiency  followed  the 
Van  Deemter  plot  (i.e.  the  correlation  between  flow  rate  and  column 
efficiency  was  parabolic).  Using  a  set  of  selected  empirical 
conditions,  correlations  between  the  parameters  of  column  temperature 
and  retention  volume  could  be  established  for  all  probes  on  all  four 
columns.  PP  with  its  high  hydrophob i c i ty  and  low  glass  transition 
temperature  (Tg)  exhibited  the  greatest  degree  of  fiber-probe 
interaction  among  all  tested  fibers.  The  inherent  acidlike  or 
baselike  properties  of  each  fiber  was  elucidated  by  usina  acidic 
(t-butanol),  neutral  (n-heptane)  and  basic  ( n-butyl ami ne )  probes.  The 
preliminary  results  suggested  PBI,  Rayon  and  PP  fibers  had  acidlike 
properties;  whereas,  PET  showed  baselike  properties.  Probe-fiber 
interaction  enthalpies  were  also  estimated. 

Introduction 


The  morphology,  surface  characteristics  and  chemical  functionality  of 
a  polymer  strongly  affect  many  of  its  physical  and  chemical  proper¬ 
ties.  The  sorption  of  various  gases,  vapors  and  solutes  on  porous 
resins,  coatings  and  films  have  been  widely  studied  and  many 
processes  involving  the  use  of  porous  materials  have  long  been 
developed  for  analytical  and  industrial  separations.  Investigations 
of  sorption  behavior  of  non-porous  fibrous  materials  were  limited 
because  these  textile  grade  fibers  generally  had  low  surface  area  and 
low  surface  energy  which  resulted  in  small  sorption  and  slow 
diffusion  of  solvents  into  the  noncrystalline  regions  of  the  fiber. 
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During  the  past  decade,  a  new  technique,  inverse  gas  chromatog¬ 
raphy  (IGC),  has  been  sufficiently  developed  to  study  various 
polymer-solvent  interactions  and  fundamental  polymer  properties 
despite  the  fact  that  IGC  remains  complicated  by  experimental  and 
theoretical  factors  which  are  not  completely  understood^. 

2 

A.  S.  Gozdz  et.  al.  applied  IGC  to  characterize  the  surface 
behavior  of  many  commercially  available  fibers.  Gozdz  used 
normal-alkanes  as  the  IGC  probes  for  the  study  of  fiber  -  probe 
interactions.  In  this  study  the  interactions  between  probes 
having  different  functionality  and  fibers  having  various  degrees 
of  hydrophobic ity  were  investigated.  Based  on  relative  sorption 
of  organic  vapors,  the  inherent  chemical/surface  properties  of 
these  fibers  were  studied  as  part  of  the  program  of  future  pene¬ 
tration  mechanism.  Specifically  this  work  explored  the  correla¬ 
tions  between  the  volatility,  acidity  and  IGC  retention  volume  of 
various  probes,  the  effect  of  experimental  conditions  (i.e. 
temperature,  flow  rate  and  sample  injection  size)  on  the  IGC 
separations,  the  interaction  mechanism  between  probes  and  fibrous 
packings,  and  the  sorptivity  differences  between  probes  and 
fibrous  packings,  and  the  sorptivity  differences  between  conven¬ 
tional  fibers  (PET,  PP  and  Rayon)  and  the  new  generation/high- 
performance  PBI  fiber. 


Experimental 


Apparatus  and  Procedure 

All  IGC  experiments  were  carried  out  by  using  a  semi-automatical- 
ly  controlled  Varian  3700  gas  chromatograph  equipped  with  a  high¬ 
ly  sensitive  thermal  conductivity  detector.  High  purity 
(>99.99%)  helium  gas  was  used  as  the  column  carrier  and  the  flow 
rate  (FR)  was  controlled  by  a  precision  needle  valve  and  a  soap 
bubble  flowmeter.  Seven  organic  probes  were  used  to  analyze  four 
commercially  available  fibers,  polyethylene  terephthalate  (PET), 
sulfonated-polybenzimidazole  (PBI),  Rayon  (regenerated  cellulose) 
and  polypropylene  (PP).  The  seven  probes  were  acidic  t-butanol, 
basic  n-butylamine  and  neutral  alkanes  from  C-6  to  C-10.  A  0.5 
Pi  Hamilton  syringe  was  used  to  inject  a  0.05  pi  sample  into  the 
column,  and  the  GC  injector  and  detector  were  kept  at  150°  and 
200°C  respectively.  Three  selected  column  temperatures  (30°,  60° 
and  90°C)  having  a  fixed  flow  rate  (4.44  ml/min)  were  used  to 
perform  most  of  the  IGC  studies.  Initial  IGC  results  indicated 
the  PP  column  exhibited  a  high  degree  of  affinity  towards  all 
probes,  so  additional  experiments  were  carried  out  by  using 
faster  flow  rates  (66.6  and  10.0  ml/min),  a  larger  sample  size 
(0.5  pi)  or  different  temperatures  (75°,  90°  and  105°C). 
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Material 


Four  continuous  multi-filament  fibers  (PET,  PBI,  Rayon  and  PP)  were 
washed  with  methanol  to  remove  possible  additives  and  the  dried 
fibers  were  subsequently  used  to  pack  four  stainless  steel  columns  (3 
ft.  length  x  1/8  inch  0.0.)  by  pulling  the  filaments  from  one  end  of 
the  column  to  another  end.  The  physical  properties  of  these  four 
fibers  are  shown  In  Table  C-1. 

Calculation/Data  Treatment 

The  retention  time  of  each  probe  was  determined  as  the  time  of  peak 
maximum  by  the  Hewlett  Packard  3354  laboratory  computer.  The 
corresponding  retention  volume  were  obtained  by  multiplying  the 
retention  time  by  the  column  flow  rate. 

According  to  Koing's  equation  ,  the  qualitative  interaction 
enthalpy  (AH  )  of  each  probe  depends  upon  the  retention  volume  and 
the  column  temperature. 

d ( 1 nVn ) 

Koing's  Equation:  AHp  s  -R  d  ( 1 /yj  ( eq .  1) 

AH  =  interaction  enthalpy  between  the  probe  and  the  column 
P  [erg (m  1 )  (  g  molej1  ] 

R  =  c|as  constant;  T  2  column  temp.  (*C);  VR  =  retention  volume 

In  other  words,  a  linear  correlation  should  exist  between  the  "lnVR" 
and  the  "1/T"  (see  eq.  2). 


In  VR  =  -  (AHp/R)  (1/T)  ♦  K  (eq.  2) 

K  Is  the  intercept  when  (1/T)  approaches  zero. 

Based  on  the  vapor  phase  separation  theory,  at  very  high  temperature 
(when  1/T  approaches  zero),  the  interaction  between  the  probe  and  the 
column  is  negligible;  therefore,  the  retention  volume  of  all  probes 
approach  the  column  void  volume.  K  may  be  rationalized  as  the  "In"  of 
the  void  volume,  hence,  it  is  an  intrinsic  factor  for  each  column. 

Results  and  Discussion 

The  Effect  of  Flow  Rate  (FR)  on  Retention  Volume  (VR) 

In  order  to  define  the  fundamental  separation  characteristics  of  our 
experiments,  we  studied  the  effect  of  temperature,  flow  rate  and 
sample  injection  size  on  the  retention  volume.  The  Rayon  column  was 
chosen  for  the  initial  study  because  its  specific  surface  area 
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was  between  FBI  (or  PP)  and  PET  ( see  Table  C-1 ) .  At  60 * C ,  the  retention 
volume  of  t-butanol,  n-butylamine  and  n-octane  under  six  different 
flow  rates  (i.e.  1.06;  1.92;  3.04;  4.44;  6.02  and  7.94  ml/min)  were 
determined  by  measuring  the  peak  maximum.  The  results  (see  Table  C-2) 
indicated  the  retention  volume  of  all  three  probes  increased  with 
increasing  flow  rate  up  to  around  6  ml/min  and  then  dropped  off  at 
7.9  ml/min.  (see  Fig.  C-1).  The  existence  of  a  retention  volume  max.  at 
ca  6  ml/min.  might  be  qualitatively  rationalized  via  the  famous  Van 
Deemter  equation  (see  Fig.  C-2)  .  In  this  equation.  Van  Deemter 
indicated  the  column  efficiency  expressed  by  HETP  (height  equivalents 
to  theoretical  plate)  and  the  flow  rate  had  a  parabolical 
relationship.  In  other  words,  there  was  an  optimum  flow  rate  for 
obtaining  max.  column  efficiency  and  selectivity.  Since  both 
efficiency  and  selectivity  would  directly  affect  the  shape  and 
retention  volume  of  a  given  GC  peak  (see  Fig.  C— 3 )  ,  the  max. 
performance  of  the  Rayon  column  was  apparently  reached  at  a  flow  rate 
of  ca.  6  ml/min.  (see  Figure  C-1  -  C-4)  .  In  other  words,  at  6  ml/min., 
the  diffusivity  of  organic  probes  reached  an  optimized  stage  between 
the  gas  carrier  and  the  column  packing.  In  this  stage,  there  was  a 
max.  interaction  between  probes  and  fiber  packings  and  this  max. 
interaction  resulted  in  max.  retention  volume  for  all  probes. 

The  Separation  of  Neutral  Alkanes 

Five  normal  alkanes  (C-6  to  C - 1 0 )  having  boiling  points  (b.p.) 
ranging  from  69  to  174*C  were  selected  for  initial  IGC  studies.  The 
purpose  of  selecting  n-alkanes  was  to  explore  the  effect  of  probe 
volatility  (b.p.)  on  the  retention  volume  since  no  specific  chemical 
interaction  was  anticipated  between  the  inert  alkane  and  fibrous 
packings.  The  peak  max.  retention  volume  of  these  hydrocarbon  probes 
on  PET,  PBI  and  Rayon  columns  were  determined  at  30*,  60  and  90*C 
with  a  common  flow  rate  of  4.44  ml/min.  The  initial  results  (see 
Table  C— 3 )  i  nd i c ated  that  near  linear  correlations  could  be  established 
between  the  n-alkane's  b.p.  and  their  corresponding  retention  volumes 
on  all  three  columns.  (See,  e.g.,  Fig.  C-5  while  the  data  is  plotted 
for  PBI).  These  results  suggested  no  abnormal  chemical  interactions 
existed  between  n-alkanes  and  the  fibers  so  the  separation  of  inert 
n-alkanes  was  mainly  based  on  their  relative  volatilities  and  their 
physical  interactions,  such  as  van  der  Waals  forces,  with  column 
packings.  The  existence  of  a  linear  correlation  on  PET  column  (see 
Table  C-3 )  a  1 s o  suggested  the  glass  transition  temp.(Tg)  of  PET  had 
little  impact  on  the  retention  volume  of  n-alkanes  because  the  IGC 
experiments  were  carried  at  temperatures  both  below  and  above  the  Tg 
(69*C)  of  PET. 

Plotting  the  data  as  In  VR  vs  1 / j  yielded  essentially  straight  lines 
in  the  temperature  range  studied.  Hence,  for  simple  comparison 
purposes,  the  qualitative  interaction  enthalpy  (A H  )  of  n-alkanes  on 
each  column  were  estimated  according  to  eq .  2  and  these  estimated 
results  ( see  Table  C-6)  did  not  suggest  the  existence  of  any  simple  or 
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direct  relationship  between  AH  and  the  effective  column  surface  area 
( see  Table  C-1) .  Generally  speaking,  the  interactions  between  probes 
and  fibers  were  exothermic  with  negative  reaction  enthalpy.  The 
overall  results  suggested  the  presence  of  inherent  differences  among 
each  column.  Using  n-heptane  as  an  example,  the  near  linear 
correlations  between  the  In  of  retention  volume  and  the  reciprocal  of 
the  column  temperature  are  shown  for  PET,  PBI  and  Rayon  columns  in 
Fig.  C-6.  According  to  eq.  2,  the  slope  of  these  linear  curves  were 
proportional  to  the  interaction  enthalpy  and  revealed  the  degree  of 
n-heptane  and  fiber  interaction.  Based  on  these  slopes,  the 
sorptivity  of  PBI  and  Rayon  appeared  to  be  greater  than  PET  despite 
the  fact  that  PET  was  more  hydrophobic.  The  effective  surface  area, 
polymer  crystal  1 i ni ty,  amorphous  density  and  chain  orientation  might 
all  affect  the  probe-column  interactions.  At  this  time,  additional 
efforts  aimed  to  study  the  impact  of  these  factors  on  probe-column 
interactions  have  not  been  pursued. 

The  interaction  between  n-alkanes  and  PP  was  much  stronger  than  the 
corresponding  interactions  between  n-alkanes  and  the  other  fibers 
(PET,  PBI  and  Rayon)  because  no  alkane  peaks  could  be  observed  on  PP 
column  at  a  temperature  below  60*C.  Factors  which  might  contribute  to 
these  strong  interactions  were  the  PP's  high  hydrophobici ty  and  low 
glass  transition  temp.  (Tg).  The  low  Tg(-20*C)  of  PP  might  allow  the 
n-alkane  to  fully  diffuse  into  its  hydrophobic/amorphous  structure; 
consequently,  n-alkanes  might  spread  themselves  In  the  entire  PP 
matrix  and  form  a  non-detectable  broad  peak  which  could  merge  Into 
the  chromatographic  baseline.  In  order  to  confirm  this  speculation, 
an  experiment  aimed  at  depressing  the  PP  and  n-alkane  interactions 
might  enhance  the  possibility  of  eluting  the  probe  out  from  the  PP 
column  at  an  early  stage  as  well  as  increase  the  opportunity  of 
obtaining  the  probe's  retention  volume.  The  first  experiment  designed 
to  depress  these  interactions  was  pursued  by  using  higher  column 
temperatures  (75*,  90*  and  1 05 * C ) .  As  expected,  clearly  defined  IGC 
peaks  were  observed  and  the  retention  volume  of  all  tested  n-alkanes 
(except  n-decane)  could  be  obtained  (see  Table  C-7) .  Similar  to  the 
other  columns,  the  obtained  results  suggested  near  linear 
correlations  existed  between  the  n-alkane's  b.p.  and  their  V„  and  the 
separation  of  alkanes  on  the  PP  column  depended  upon  their  relative 
volatility.  Qualitative  interaction  engthalpies  (a H  )  of  n-alkanes  at 
the  flow  rate  of  4.44  ml/min  were  estimated  according  to  eq.  2  and 
these  results  revealed  the  relative  sorptivity  differences  between  PP 
and  other  fibers  ( see  Table  C-6 )  . 

Additional  efforts  aimed  to  elucidate  the  impact  of  flow  rate  and 
sample  injection  size  on  the  degree  of  n-alkane  and  PP  interaction 
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were  pursued  by  using  n-heptane  as  the  reference  probe.  Based  on  the 
basic  GC  theory,  an  increase  in  flow  rate  and  injection  size  would 
depress  the  probe-column  interaction;  therefore,  the  retention  volume 
of  n-heptane  might  be  obtainable  at  a  temperature  below  7 5 * C .  As 
expected,  the  result  (see  Table  C-6)  indicated  the  retention  volume  of 
n-heptane  was  observable  at  60*  by  increasing  the  flow  rate  from  4.44 
to  6.66  ml/min  or  by  increasing  the  sample  injection  size  from  0.05 
to  0.5  w  1.  An  alternate  method  which  may  be  pursued  in  the  future  for 
studying  low  temperature  ( < 6 0 " C )  interactions  between  n-alkanes  and 
PP  fiber  is  described  below. 


-  Increase  column  efficiency  by  using  highly  crimped  and/or  more 
porous  fibers.  Schreiber  coated  polyethylene  on  Chromosorb  W 
and  obtained  n-octane  peak  at  30*  and  60*C.  The  reason  for 
Schreiber's  capability  to  obtain  n-octane's  retention  volume  at 
low  temp,  might  be  attributed  to  the  high  efficiency  of  his 
polyethylene  coated  column.  A  coated  Chromosorb  W  column  would 
have  much  higher  efficiency  than  a  non-porous  fiber  column 
because  Chromosorb  is  a  typical  GC  packing  with  high  surface  area 
and  uniform  particle  size  distribution  (see  c_3  for  the 

effect  of  efficiency  on  GC  peaks). 


The  Interaction  of  Acidic  and  Basic  Probes  with  Fibrous  Columns 


Using  IGC,  H.  P.  Schreiber  character i zed  the  inherent  acidlike 
and  baselike  properties  of  polyvinyl  chloride  and  polyethylene 
polymers.  Neutral  (n-octane),  acidic  (t-butanol)  and  basic 
( n-butyl ami ne)  probes  were  used  by  Schreiber  as  the  probing 
compounds.  In  our  efforts  to  characterize  the  chemical  properties  of 
PET,  PBI,  Rayor  and  PP  fibers,  it  was  decided  to  use  n-heptane, 
t-butanol  and  n-butylamine  because  their  b.p.  were  closer  to  each 
other.  Using  the  typical  flow  rate  (4.44  ml/min),  the  retention 
volume  of  the  probes  on  PET,  PBI  and  Rayon  columns  were  measured  and 
the  results  are  listed  In  Table  C-9.  Based  on  the  results,  near  linear 
correlations  between  the  reciprocal  of  the  column  temperature  and  the 
In  of  the  retention  volume  could  be  established  for  all  three  probes 
and  the  retention  volume  for  each  probe  decreased  with  the  increase 
of  column  temperature  (see  Fig.  C-7). 


Efforts  aimed  at  estimating  the  interaction  enthalpies  ( a H  )  of  these 
probes  were  pursued  by  generating  the  correlation  between  B 1 n V „ "  and 
"  1 /T"  (see  Tables  C-9  &  C-1 3).  Based  on  the  aH  ratio  of  n-butylamine  and 
t-butanol,  the  inherent  acidlike  and  baselTke  properties  of  each 
fiber  could  be  estimated.  For  PBI  and  Rayon,  the  absolute  AH  of  the 
amine  was  greater  than  the  corresponding  aH  of  the  alcohol, pso  PBI 
and  Rayon  fibers  exhibited  acidlike  properties (Table  C— 1 3 ) .  The  ah 
ratio  also  indicated  PBI  having  sulfonic  acid  groups  had  a  much  p 
stronger  acid  strength  than  the  Rayon  fiber  having  free  hydroxy 


groups.  Unlike  PBI  and  Rayon,  the  AHp  ratio  of  PET  was  0.5,  thus,  PET 
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had  baselike  properties  and  showed  a  strong  affinity  toward  t-butanol 
{Table  C-13) .  The  basicity  of  PET  might  be  caused  by  its  carbonyl  ester 
groups . 

Similar  to  the  previously  discussed  n-alkane  and  PP  interactions,  PP 
having  a  low  Tg  and  strong  hydrophobi c i ty  exhibited  great  affinities 
towards  t-butanol  and  n-butyl amine .  Some  efforts  (increasing  flow 
rate  or  sample  injection  size)  were  pursued  in  order  to  obtain  the 
retention  volume  of  acidic  and  basic  probes  on  the  PP  column.  The 
overall  IGC  results  including  retention  volume  and  interaction 
enthalpy  (AH  )  are  listed  i n Table  C-13  &  C-14.  I n  general,  the  PP  column 
showed  the  following  inherent  properties: 

-  PP  exhibited  strong  affinities  (low  AH  )  toward  all  probes 
regardless  of  their  acidity  or  basicity.  The  low  Tg  of  PP  might 
be  one  of  the  contributing  factors. 

-  PP  is  extremely  hydrophobic  so  it  showed  the  strongest 
interaction  with  neutral  alkanes. 

-  PP  had  acidlike  properties  despite  its  neutral  chemical 
structure.  The  interaction  between  PP  and  n-butylamine  was 
greater  than  the  corresponding  interaction  between  PP  and 
t-butanol  . 

Conclusions 


I  The  preceeding  results  demonstrated  the  utility  of  performing  IGC  on 

intact  fibers.  The  basic  GC  the-ory  could  be  used  to  rationalize  the 
effect  of  empirical  parameters  (temperature,  flow  rate  and  sample 
injection  size)  on  IGC  separations.  On  the  Rayon  column,  we  observed 
the  existence  of  an  optimized  flow  rate  which  gave  the  maximum 
retention  volume  and  possibly  the  highest  column  efficiency  for  all 
probes  despite  the  differences  of  their  chemical  properties.  This 
observation  could  be  rationalized  by  using  the  Van  Deemter  equation. 
The  effect  of  sample  injection  size  on  IGC  was  investigated  by  using 
the  PP  column  and  organic  probes  having  different  acidity  or  b.p.  The 
overall  results  indicated  an  increase  on  sample  size  would  decrease 
the  degree  of  peak  spreading  as  well  as  to  suppress  the  interaction 
between  probes  and  column  packings.  The  temperature  effect  in  IGC  was 
basically  the  same  as  its  effect  on  regular  GC.  In  other  words,  the 
IGC  results  indicated  the  retention  volume  and  the  probe-column 
interactions  decreased  with  the  increase  of  column  temp. 

The  n-alkanes  were  successfully  used  to  elucidate  the  relationship 
between  the  probe  volatility  (b.p.)  and  their  corresponding  retention 
volume.  No  specific  chemical  interaction  existed  between  n-alkanes 
|  and  all  tested  fibers  (PET,  PBI,  PP  and  Rayon)  and  the  separation  of 

•  hydrocarbons  on  IGC  columns  depended  on  their  relative 
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volatility  and  their  van  der  Waals  interactions  with  the  column 
packings.  Compared  to  other  fibers  PP  with  its  low  Tg  and  high 
hydrophobici ty  displayed  the  greatest  affinity  toward  organic  probes. 


The  inherent  acidlike  or  baselike  properties  of  all  four  fibers  were 
studied  with  the  use  of  neutral  (n-heptane),  acidic  (t-butanol)  and 
basic  (n-butylamine)  probes.  Based  on  the  relative  retention  volume 
and  interaction  enthalpies  of  t-butanol  and  n-butylamine,  it  was 
found  that  all  fibers  (except  PET)  had  acidlike  properties. 
Qualitative  interaction  enthalpies  (AH  )  of  all  probes  were  estimated 
and  the  results  suggested  the  interactions  between  probes  and  columns 
were  exothermic. 
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TABLE  C-1 .  PHYSICAL  PROPERTIES  OF  IGC  COLUMNS 
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TABLE  C-2.  THE  EFFECT  OF  FLOW  RATE  (FR)  ON  RETENTION  VOLUME 
(VR) 

(Results  obtained  on  Rayon  column  at  60*C) 


FR  (ml/min) 

t-Butanol 

n-Butyl ami ne 

n-Octane 

1  .06 

3.26  ml 

3.78  ml 

3.15  i 

1.92 

3.95 

4.62 

3.76 

3.04 

4.44 

5.80 

4.37 

4.44 

5.26 

6.44 

4.99 

6.02 

5.68 

6.46 

5.74 

7.94 

5.00 

5.67 

5.10 
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TABLE  C-3.  LINEAR  CORRELATIONS  BETWEEN  HYDROCARBON  B.  P.  AND 
RETENTION  VOLUME  ON  PBI  COLUMN 


COLUMN  TEMP,  f C)  AND  RETENTION  VOLUME  (ML) 


H.  C.  (b.p.  *C) 

30*  C 

60*C 

90*  C 

n-Hexane  ( 69 " C ) 

5.33  ml 

4.22  ml 

3.07  ml 

n-Heptane  ( 9 7 * C ) 

8.84 

5.47 

3.51 

n-Octane  (125*C)* 

10.98 

7.06 

4.79 

n-Nonane  ( 1 5 1  * C ) 

14.27 

10.53 

5.42 

n-Decane  { 1 7 4 * C ) 

N.D. 

10.67 

8.84 

Least  Square  analysis 

(b.p.  vs  VR) 

Coef f . 

0.996 

0.972 

0.918 

Slope 

9.384 

13.877 

16.802 

Intercept 

18.019 

17.877 

37.073 

♦Note:  (1)  The  column  flow 

rate  was  4.44 

ml /mi n . 

(2)  N.D.  =  not  determined. 
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TABLE  C-4.  LINEAR  CORRELATIONS  BETWEEN  HYDROCARBON  B. 
RETENTION  VOLUME  ON  RAYON  COLUMN 

P.  AND 

COLUMN 

TEMP.  CC)  AND 

RETENTION  VOLUME 

(ML) 

H.  C.  (b.p.  *C) 

30  *  C 

60*  C 

90*C 

n-Hexane  ( 69 " C ) 

4.81  ml 

3.96  ml 

3.67  ml 

n-Heptane  (97*C) 

6.08 

4.36 

3.73 

n-Octane  (125*C) 

8.39 

4.98 

3.87 

n-Nonane  ( 1 5 1 " C ) 

13.50 

6.62 

4.18 

n-Decane  ( 1 74 * C ) 

16.67 

9.50 

4.80 

Least  Square  Analysis 

(b.p.  vs  VR) 

Coeff . 

0.971 

0.918 

0.934 

Slope 

8.046 

16.948 

80.990 

Intercept 

43.627 

23.478 

-203.675 

Note:  (1)  The  column  flow  rate  was  4.44  ml/min. 
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TABLE  C-5.  LINEAR  CORRELATIONS  BETWEEN  HYDROCARBON  B. 
RETENTION  VOLUME  ON  PET  COLUMN 

P.  AND 

COLUMN 

TEMP.  CC)  AND 

RETENTIN  VOLUME 

(ML) 

H.  C.  (b.  p.  *C) 

30*C 

60*C 

90*C 

n-Hexane  ( 69 * C ) 

3.20  ml 

2.98  ml 

2.85  ml 

n-Heptane  ( 9 7 * C ) 

3.65 

3.18 

2.89 

n-Octane  (125*C) 

4.34 

3.24 

2.95 

n-Nonane  ( 1 5 1 " C ) 

7.04 

3.95 

3.11 

n-Decane  ( 1 74 * C ) 

13.82 

5.01 

3.37 

Leasts  Square  analysis 

(b.p.  vs  VR) 

Coeff . 

0.865 

0.900 

0.924 

Slope 

8.212 

45.150 

181.766 

Intercept 

70.56 

-42.621 

-428.277 

Note:  (1)  The  column  flow  rate  was  4.44  ml/min. 
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TABLE  C-6.  ESTIMATED  INTERACTION  ENTHALPIES  OF  N-ALKANES  ON 
IGC  COLUMNS  (DATA  CALCULATED  BY  USING  EQ.  2) 


AHp  x  R  (R  Is  the  gas  constant) 


N-Al kanes 

PBI 

R  ayon 

PET 

PP 

n-Hexane 

-22. 3R 

-12 .7R 

-4.8R 

-168. 9R 

n-Heptane 

-38. 6R 

-21  .7R 

-10. 3R 

-226. 9R 

n-Octane 

-34. 9R 

-34. 3R 

-17. 6R 

-278. OR 

n-Nonane 

-38. OR 

-50. 4R 

-36. 1R 

-254. 2R 

n-Decane 

-33. 9R 

-50. 8R 

-63. OR 

• 

Note:  (1)  For  baselike  PET  column,  the  absolute  ah  increases 

proport i onal ly  with  the  increase  of  molecular  weight  (or 
b.p.);  whereas,  for  acidlike  PBI  and  Rayon  columns,  this 
simple  correlation  does  not  exist.  Hence,  the  van  der  Waals 
interaction  between  n-alkanes  and  PET  appeared  to  be  a 
dominant  factor  in  affecting  the  retention  volume. 

(2)  The  unit  of  AHp  is  erg  (ml)  (g  mole)  _1. 
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TABLE  C-7. 


IGC  RETENTION  VOLUME  OF  n-ALKANES  ON  PP  COLUMN 


COLUMN  TEMP. 

( *C )  AND  RETENTION 

VOLUME  (ML) 

H.  C.  (B . P  .  *C ) 

75*  C 

90  *  C 

105  *  C 

n-Hexane  ( 69 * C ) 

14.87  ml 

10.52  ml 

7.77  ml 

n-Heptane  ( 9 7 * C ) 

27.88 

16.64 

11.86 

n-Octane  (125*C) 

55.41 

28.53 

19.40 

n-Nonane  ( 1 5 1  * C ) 

94.31 

56.76 

35.34 

n-Decane  ( 1  74 * C ) 

N.E. 

N.E. 

60.18 

Least  Square  Analysis 

(b.p.  vs  VR) 

Coeff . 

0.973 

0.942 

0.936 

Slope 

0.981 

1.625 

1  .829 

Intercept 

63.323 

64.805 

73.971 

Note:  (1)  N.E.  (not  eluted  out  from  the  column). 

(2)  The  flow  rate  was  set  at  4.44  ml/min.  and  the  injection 
size  of  each  probe  was  0.05  yl. 


Appendix  C 


88 


SJ  mifivnv  «*•<«  w?  J  TJ  *i  V  TV  VJ  VJ  K'i  J 


Appendix  C 


z 

o 

M 

U 

w 

z 


u 

CM 

£ 

< 

W 


CM 

ft 

Q 

Z 

< 

u 

z 

< 

Eh 

CM 

U 

X 

I 

Z 


Q  £ 
Z  o 

z 

~o 

OS  M 
fc.  Eh 
—  U 

X  cS 

Eh  U 
Eh 
Z 


» 

o  W 

m  aj 
Cm  £ 


w 

Eh 

O  w 

fjj  M 

Cm  W 
to'-'Z 
U  X 
U  D 
WN  J 

X  M  o 

Eh  X  CJ 


X 

U 

u 

J 

X 

< 

Eh 


oj 


«r 

m 

o 

CNJ 

o  o 

iO 

o 

rs. 

n 

:>  • 

• 

• 

• 

• 

o 

vO 

00 

CTl 

r-s. 

C  (71 

F“ 

*“ 

o 

•n» 

4-» 

C 

<u 

CO 

4-*  O 

00 

• 

• 

• 

V 

• 

in 

in 

in 

cc  in 

rs. 

• 

• 

• 

CM 

z 

z 

z 

3 

c 

OsJ 

o 

o 

. 

O  O 

• 

o 

o 

•  • 

UJ 

• 

• 

• 

c 

'-'O 

• 

o 

VO 

CM 

6 

•  vO 

z 

m 

3 

a 

»— 

E 

O 

QJ 

u 

►- 

a» 

C 

-C 

e 

4-* 

3  0 

1  • 

• 

• 

• 

o  o 

o  t. 
C7»  0) 

3 

<u  e 
x:  s 


•—  • 

o  o 

O  rn 


m 


m 


UJ 

UJ 

UJ 

UJ 

E 

OJ  OJ 

• 

• 

• 

• 

O 

M  4J 

z 

z 

z 

z 

u 

•*-  1/1 

u. 

i—  •<— 

<— 

w 

c 

• 

3 

• 

o  * 

c 

O 

* 

—  w 

3 

4-t  ^ 

e 

3 

a» 

*  "O 

<u 

u 

w— 

4-» 

3 

o> 

■ 

3 

3 

o  <u 

»*» 

*J 

•m  in 

vO 

o 

4) 

i/» 

VO 

• 

3 

• 

• 

o 

• 

«-» 

w 

u  a) 

vO 

O 

O 

4  *»• 

C 

C 

£  * 

■w> 

"W» 

L. 

l/l 

• 

a 

—  s 

UJ 

in 

o 

• 

• 

W  <— 

z 

z 

<— <  U- 

. _ . 

»— 

CM 

m 

a 

3 

•  • 

in 

01 

o 

in 

• 

• 

O 

o 

o 

z 

89 


abnormal  result,  the  retention  volume  increases  with  the  increase  of  column 
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TABLE  C-11.  CORRELATIONS  BETWEEN  COLUMN  TEMP.  AND  RETENTION 
VOLUME  (VR)  OF  PROBES  ON  RAYON  COLUMN 
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TABLE  013.  ESTIMATED  INTERACTION  ENTHALPES  (AHp)  Of  n-HEPTANE, 
n-BUTYLAMINE  AND  t-BUTANOL  ON  IGC  COLUMNS 


I)  n-Butylamine  (77*) 

-4.56 

-103.93 

-38.28 

-165.83 

t-Butanol  (82*) 

-9.11 

-31.68 

-28.12 

-117.37 

n-Heptane  (97*) 

-10.30 

-38.59 

-21  .68 

-226.87 

II)  AH  ( Ami  ne) /AHp(  al  coho.l ) 

0.50 

3.28 

1.36 

1 .38 

Acidity/Basicity 

Basic 

Very 

Acidic 

Acidic 

Acidic 

Note  1.  The  flow  rate  and  sample  size  were  set  at  4.44  ml/min.  and 
0.05  pi  respectively. 

2.  All  data  were  calculated  according  to  eq.  2  and  Table  7  . 

3.  Based  on  the  ratios  of  the  AH  the  relative  acidity  or 
basicity  of  the  fibers  could  be  estimated. 
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TABLE  C-14.  THE  EFFECT  OF  FLOW  RATE  (FR)  AND  SAMPLE  INJECTION 
SIZE  (SIS)  ON  THE  PERFORMANCE  OF  PP  COLUMN 


SIS  WAS  TYPICAL  (0.05 

V± 

FOR  EACH 

PROBE) 

BUT 

FR  WAS  INCREASED 

FR_ 

Ji 

.66 

ML/MIN 

A 

FR 

(10.0  ML/MIN.) 

SAMPLE 

30*  C 

60J 

!! 

90*  C 

30* 

C 

60*C 

90 

A. 

n-Heptane 

N.E. 

50, 

.02  m) 

18.05 

ml 

N. 

E  . 

46.10  ml 

19. 

70  ml 

t-Butano 1 

N.E. 

8, 

,92 

7.13 

N. 

E  . 

7.80 

7. 

30 

n-Buty 1  ami ne 

N.E. 

26  , 

,91 

12.90 

N. 

E. 

25.40 

12. 

52 

II)  FR  WAS  TYPICAL  (4.44  ML/MIN)  BUT  SIS  WAS  INCREASED  TO  0.5  ,,1 

COLUMN  TEMP.  (*C)  AND  RETENTION  VOL.  (ML) 


SAMPLE 

30*  C 

60*C 

90*C 

n-Heptane 

N.E. 

42.09  ml 

17.32  ml 

t-Butanol 

9.68 

8.57 

5.37 

n-Butyl ami ne 

36.32 

22.96 

10.88 

NOTE:  (1)  N.E. 

(not  eluted  out 

from  the  column) . 
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(ml) 


Max^  Column  performance  (Min.  HETP 
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t-hutanol IX) 
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3.0  5.0 
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FIGURE  C-1.  THE  PLOT  OF  FLOW  RATE  (FR)  VS.  RETENTION  VOLUME 
<VR)  (ON  RAYON  COLUMN  AT  60 *C:  SEE  TABLE  C-2 ) 
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HETP 


A 


■*  Flow  Rate 


(FR) 


Van  Deemter  Eq. 

HETP  =  A  +  B  (^R)  +  C  X  (FR) 

A  =  Eddy  diffusion  which  corresponds  to  column 
packings. 

B  =  Molecular  diffusion  which  corresponds 

to  the  diffusivity  of  the  probe  in  the  gas 
carrier. 

C  =  Resistance  to  mass  transfer  which  corresponds 
to  the  diffusivity  of  the  probe  in  the 
column  packings. 


Note:  Higher  column  efficiency  yields  a  lower  HETP  value. 
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FIGURE  C-4 .  THE  EFFECT  OF  FLOW  RATE  ON  N-OCTANE  SEPARATION 
(ON  RAYON  COLUMN  AT  60 °C) 


